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FOREWORD 


This  report  was  prepared  by  the  Aerophysics  Department  of  Aerojet -General 
Corporation,  Sacramento,  California,  under  Contract  No.  AF  33(616)-7365.  The 
contract  was  initiated  under  Project  No.  7350,  "Refractory  Inorganic  Non-Metallic 
Materials,"  Task  No.  73500,  "Ceramic  and  Cermet  Materials  Development.  " 

The  work  was  administered  under  the  direction  of  the  Directorate  of  Materials  and 
Processes, Deputy  for  Technology,  Aeronautical  Systems  Division,  with  Lt.  T.  E. 
Lippart  acting  as  project  engineer. 

The  work  was  conducted  between  15  June  i960  and  15  May  1961,  supervised 
by  G.  Kraus  through  March  1961  and  by  S.  E.  Colucci  from  April  1961  to  May  1961. 

The  author  is  grateful  to  C.  M.  Gracey  for  extensive  assistance  with  heat 
transfer  calculations  and  test  data  analyses,  and  to  Dr.  W.  W.  Clauson,  who  was 
one  of  the  originators  of  the  program  and  who  always  made  himself  available  for 
advice  and  consultation.  The  author  wishes  also  to  acknowledge  the  contributions 
of  S.  S.  Jackson,  who  saw  to  the  procurement  and  proper  assembly  of  the  test 
hardware  and  gave  whatever  other  assistance  was  required  in  drawing  curves  and 
making  calculations;  of  J.  D.  Sohl,  who  acted  as  test  engineer;  of  W.  E.  Billings, 
who  made  the  many  repetitious  preliminary  calculations  for  the  two-dimensional 
heat  transfer  problems;  of  J.  M.  Chapp  and  L.  O.  Fagan,  who  edited  this  summary 
report  and  most  of  the  monthly  progress  reports;  and  of  all  other  Aerojet -General 
personnel,  too  numerous  to  mention  here,  who  assisted  in  various  ways  in  the 
completion  of  this  project. 


ABSTRACT 


Temperature  hiatoriea  of  various  nozzlo  materials  systems  ware 
analysed  permnetrioally,  end  a  aeries  of  hot- flow  testa  were  conducted 
in  support  of  the  analytical  study,  lbs  analysis  showed  that  oh  saber 
pressure  and  gas  temperature  affect  duration  capability  significantly, 
but  throat  disaster  does  not.  Thermo  physical  properties  of  the  flans 
barrier  and  heat  sink  also  affect  duration,  but,  by  comparison,  the 
affect  of  variations  of  thsrmophysieal  properties  of  the  insulator  and 
load-bearing  member  la  relatively  snail.  High  product  of  density  and 
heat  oapaeity,  and  moderately  high  thermal  conductivity,  are  desirable 
for  the  flame  barrier  and  heat  sink.  The  heat  transfer  analysis  indicated 
that  significant  increases  in  nozzle  duration  capability  are  possible 
when  properly  oriented  anisotropic  material  is  used.  Tests  of  six  nozzles 
with  varying  tungsten  flame  barrier  thlokneaaes  showed  fairly  good 
agreatent  between  calculated  temperatures  and  measured  data  when  no 
alwlnua  oxide  was  deposited  on  the  walls.  When  deposition  occurred, 
the  measured  temperatures  were  lower  than  those  calculated;  but  the 
temperatures  oould  be  brought  close  to  agreement  by  considering  the 
thermal  blocking  effect  of  the  deposit. 
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I. 


INTRODUCTION 


The  trend  in  chemical  rocket  propulsion  is  toward  the  development  of 
propellant  with  higher  combustion  temperatures.  As  propellant  gas  tempera¬ 
tures  reach  and  exceed  the  melting  points  of  most  known  materials,  the  prob¬ 
lem  of  what  nozzle  materials  to  use  becomes  more  difficult  to  solve.  As  a 
prelude  to  the  development  of  nozzle -mate rials  systems  for  use  in  future  high- 
performance  solid  rocket  motors,  this  theoretical  and  experimental  investi¬ 
gation  was  undertaken.  The  effects  of  nozzle  design  and  materials  variables 
on  system  duration  capability  were  described  to  indicate  the  most  promising 
areas  for  subsequent  materials  research  and  development. 

Many  complicated  factors  enter  into  a  proper  understanding  of  nozzle 
materials  behavior,  but  the  role  played  by  heat  transfer  is  basic  to  all.  The 
investigation  was  accomplished  primarily  through  an  analytical  parametric 
study  of  the  temperature  histories  of  various  nozzle  systems.  A  series  of 
nozzle  test  firings  was  made  in  support  of  the  analytical  work.  Other  areas 
of  interest,  such  as  thermal  stress  and  erosion  characteristics,  were  not  con¬ 
sidered  here. 

As  materials  for  use  at  high  temperatures  are  developed,  the  question 
arises  of  how  accurately  one  needs  to  know  the  thermophysical  properties  to 
design  a  nozzle  materials  system.  Consequently,  the  effects  of  errors  or  un¬ 
certainties  in  thermophysical  properties  were  also  studied,  and  their  relative 
importance  was  determined. 


Manuscript  released  May  1961  for  publication  as  a  WADC  Technical  Report. 
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II.  ANALYTICAL  STUDIES 


A.  PROCEDURE 

The  current  study  was  conducted  with  both  three -mate rial  and 
four-material  model  systems.  The  three-materials  system  consists  of  a 
high -temperature  flame  barrier,  an  insulator,  and  a  load-bearing  member. 

The  four-materials  system  consists  of  a  high-temperature  flame  barrier,  a 
high-temperature  heat  sink,  an  insulator,  and  a  load-bearing  member. 

The  design  variables  investigated  were  the  following: 

1.  Chamber  pressure 

2.  Gas  temperature 

3.  Throat  diameter 

4.  Radius  of  curvature  of  the  throat 

5.  Material  thickness 

The  material  variables  investigated  were  the  following: 

1.  Thermal  conductivity 

2.  Product  of  density  and  heat  capacity 

3.  Maximum  allowable  material  temperature 

Table  1  is  a  list  of  some  materials  that  have  been  used,  are  cur¬ 
rently  being  developed  for  use,  or  are  suggested  by  this  study  for  use  in  nozzles. 
They  are  grouped  by  distinguishing  characteristics  and  their  function  in  a  three- 
or  four-materials  system.  The  range  of  thermophysical  properties  of  these 
materials  is  compiled  in  Table  2. 

In  determining  the  effects  of  the  design  and  materials  variables,  the 
following  procedure  was  used.  Material  thicknesses  were  arbitrarily  chosen  and 
put  into  a  digital  computer  (either  the  IBM  704  or  IBM  7090  were  used)  along  with 
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II,  A,  Procedure  (cont. ) 


other  design  data  and  material  properties.  This  was  basically  a  parametric 
study;  constant  material  properties  were  chosen  that  were  representative  of 
values  for  actual  materials.  The  analysis  assumed  one -dimensional  heat 
transfer  to  a  hollow  cylinder;  in  some  cases,  however,  two-dimensional, 
axisymmetric  heat-transfer  calculations  were  made.  The  values  used  for 
the  convective  coefficients  of  heat  transfer  to  the  nozzle  wall  were  typical  of 
alumirized  polyurethane  propellants,  assuming  no  particle  deposition  (see 
Appendix  I).  The  computer  outputs,  which  were  temperature  histories,  were 
then  evaluated  to  determine  the  effects  of  the  variables  of  interest.  The  com¬ 
puter  program  and  the  outputs  are  discussed  more  fully  in  Appendix  II. 

A  single  three-materials  system  and  a  basic  set  of  design  condi¬ 
tions  were  chosen  as  references.  The  reference  system  was  tungsten-asbestos 
phenolic- steel.  The  basic  design  conditions  were  1000  psi  chamber  pressure, 
7000 *F  gas  temperature,  4- in.  throat  diameter,  and  a  throat  radius  of  curva- 
ture-to-throat  radius  ratio  of  infinity  (the  case  for  a  hollow  cylinder).  Repre¬ 
sentative  material  properties  used  for  the  reference  system  are  listed  in 
Table  HI. 


Design  conditions  and  material  properties  were  varied  in  turn. 

The  four-materials  system  was  studied  by  introducing  heat  sinks  with  various 
properties  and  evaluating  the  effect  on  temperature  distribution  and  duration. 

In  most  cases,  conditions  were  investigated  only  at  the  throat. 
However,  the  methods  used  can  be  extended  to  other  parts  of  the  nozzle  by  se¬ 
lecting  the  appropriate  combination  of  chamber  pressure  and  throat  diameter. 
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II,  Analytical  Studies  (cont,  ) 


B.  THREE-MATERIALS  SYSTEMS 

\ 

1 .  Effect  of  Design  Variables  on  Duration  Capability 
a.  Optimum  Duration 

Nozzle  material  thicknesses  may  be  represented  by 
nozzle  weights  per  unit  length.  The  minimum  weight  of  a  particular  nozzle 
materials  system,  for  a  specific  set  of  design  conditions,  is  obtained  when 
the  material  thicknesses  are  minimum  and  the  maximum  allowable  tempera¬ 
ture  of  any  of  the  materials  is  not  exceeded.  For  a  particular  chamber  pres¬ 
sure,  gas  temperature,  throat  diameter,  and  materials  system,  there  is  a 
minimum  nozzle  weight  for  each  duration. 

Nozzle  weight  per  unit  length  at  the  throat  section  is 
plotted  as  a  function  of  duration  in  Figure  1  for  the  reference  system,  tungsten- 
asbestos  phenolic -steel,  and  for  design  conditions  of  1000  psi,  7000*F,  and 
4.0-in.  throat  diameter.  The  flame  barrier  and  insulator  thicknesses  were 
minimized  at  each  duration  and  the  steel  thickness  was  kept  constant  at  0.25 
in.  This  thickness  of  steel  does  not  absorb  any  significant  amount  of  heat  and 
could  have  been  neglected  in  the  heat  transfer  calculation.  Small  changes  in 
insulator  thickness  will  have  a  great  effect  on  steel  temperature,  but  a  negli<- 
gible  effect  upon  weight.  For  example,  the  following  sets  of  thicknesses  re¬ 
sult  in  weights  per  unit  length  and  surface  and  interface  temperatures  at  the 
end  of  120  sec: 


Tungsten 

Asbestos 

Phenolic 

Steel 

Tungsten 

Asbestos 

Phenolic 

Steel 

Thickness,  in. 

3.  350 

0.250 

0.250 

3.350 

0.200 

0.250 

Temperature,  ®F 

6109 

3010 

376 

6109 

3020 

1271 

Wt/length,  lb/in. 

55.46 

55.33 
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II,  B,  Three -Mate rials  Systems  (cont. ) 

A  0.050-in.  change  in  insulation  thickness  results  in  a  900°F  change  in  steel 
temperature,  but  a  difference  of  only  0.  13  lb/in.  in  throat  weight  per  unit  length. 
For  this  reason,  it  was  considered  sufficient  to  have  the  steel  within  a  few  hun¬ 
dred  degrees  of  its  allowable  temperature  when  calculating  minimum  nozzle 
weight. 


The  initial  weight  increase  shown  on  the  curve  of  Figure  1 
is  nearly  proportional  to  the  duration  increase.  Then,  the  slope  of  the  curve 
changes  abruptly  and  small  additional  increases  in  duration  are  accompanied  by 
very  large  increases  in  throat  weight  per  unit  length.  At  short  duration,  the 
maximum  allowable  temperature  is  reached  only  in  the  insulator  and  load-bear¬ 
ing  members,  but  not  in  the  flame  barrier.  At  higher  durations,  on  the  steep 
portion  of  the  curve,  the  flame  barrier  and  load-bearing  members  reach  their 
limiting  temperatures,  but  the  insulator  does  not. 

At  the  point  where  the  slope  of  the  curve  changes  ab¬ 
ruptly,  and  only  at  this  point,  the  maximum  allowable  temperature  is  reached 
simultaneously  in  all  three  materials.  If  we  consider  that  maximum  use  is 
made  of  a  nozzle  material  when  it  is  heated  to  the  highest  temperature  it  can 
withstand  under  the  given  conditions,  then  only  at  this  point  is  maximum  use 
made  of  each  material  in  the  system.  For  this  reason,  the  point  is  called  an 
optimum  point,  and  the  duration  at  which  it  occurs  is  called  an  optimum  dur¬ 
ation.  For  the  three -materials  system,  the  optimum  duration  is  a  practical 
indication  of  duration  capability  because,  once  reached,  nozzle  duration  can 
be  extended  only  a  short  time  by  increasing  the  material  thickness.  Soon  a 
point  will  be  reached  at  which  no  further  increases  in  duration  are  possible, 
unless  some  of  the  design  conditions  are  changed. 

Figure  2  shows  the  effect  of  chamber  pressure  on  the 
position  and  shape  of  curve  shown  in  Figure  i  for  throat  weight  per  unit  length 
vs  duration.  Decreasing  the  chamber  pressure  results  in  an  increase  in  opti¬ 
mum  duration.  At  chamber  pressures  of  600  psi  and  below,  the  optimum 
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II,  B,  Three -Materials  Systems  (cont. ) 


duration  is  so  great  (beyond  350  sec)  that  it  is  not  shown  on  the  curve.  Although 
such  high  durations  are  beyond  any  contemplated  for  the  forseeable  future,  they 
are  valid  as  a  measure  of  the  relative  effect  of  chamber  pressure. 

Figures  3  and  4  show  the  effects  of  gas  temperature  and 
throat  diameter,  respectively,  on  minimum  nozzle  weight.  An  increase  in  gas 
temperature  results  in  a  decrease  in  optimum  duration.  An  increase  in  throat 
diameter  results  first  in  a  decrease  then  a  small  increase  in  optimum  duration. 
This  effect  of  increasing  throat  diameter  is  the  result  of  the  balancing  of  two 
effects:  (1)  the  increased  heat  transfer  to  the  wall  due  to  the  geometry  change 
(increased  ratio  of  inner -to -outer  diameter),  and  (2)  the  decreased  heat  trans¬ 
fer  to  the  wall  <?  \e  to  a.  decrease  in  the  convective  heat  transfer  coefficient 
(resulting  directly  from  the  increased  diameter).  At  higher  diameters,  the 
curve  changes  a  slope  a  short  distance  above  the  indicated  optimum  point. 

The  relationship  between  the  design  conditions  and  opti¬ 
mum  duration  is  shown  more  clearly  in  Figure  5.  Here,  optimum  duration  is 
plotted  as  a  function  of  chamber  pressure,  gas  temperature,  and  throat  diameter. 
Each  curve  was  obtained  by  cross-plotting  the  optimum  points  shown  in  Figure  2 
through  4  as  a  function  of  the  design  variable.  Small  increases  in  chamber  pres¬ 
sure  or  gas  temperature  result  in  very  large  decreases  in  optimum  duration,  but, 
by  comparison,  a  change  in  throat  diameter  affects  optimum  duration  very  little. 

Increases  in  optimum  duration  that  result  from  decreases 
in  chamber  pressure  or  gas  temperature  always  result  in  nozzle  weight  increases. 
This  is  because  a  decrease  in  pressure  or  temperature  requires  an  increase  in 
material  thickness  for  the  same  allowable  temperatures  to  be  reached  simulta¬ 
neously  in  all  three  materials.  It  is  therefore  of  interest  to  investigate  the  effect 
of  these  variables  on  systems  of  equal  weight. 
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II,  B,  Three-Materials  Systems  (cont. ) 


b.  Duration  Capability  for  Systems  of  Constant  Weight 

The  manner  in  which  chamber  pressure  and  gas  tem¬ 
perature  affect  duration  for  systems  of  equal  throat  weight  per  unit  length  is 
shown  in  Figure  6.  Nozzle  duration  capability  is  plotted  for  the  tungsten-as¬ 
bestos  phenolic- steel  system  as  a  function  of  the  design  variable,  for  constant 
throat  weight  per  unit  length.  The  curves  show  a  significant  decrease  in  dur¬ 
ation  capability  with  an  increase  in  either  chamber  pressure  or  gas  temperature. 
This  decrease  becomes  more  marked  at  higher  durations.  Also  shown  on  these 
curves  is  the  optimum  duration.  At  or  near  the  optimum  line,  the  direction  of 
curvature  changes.  Above  the  optimum  point,  weight  increases  very  rapidly 
for  small  increases  in  duration.  A  similar  curve  could  be  drawn  for  throat 
diameter,  showning  a  generally  similar  trend. 

c.  Maximum  Duration  Capability 

While  the  optimum  duration  is  a  practical  indication  of 
duration  capability  of  a  particular  system  at  specified  conditions,  operation 
above  the  optimum  may  sometimes  be  necessary.  Above  the  optimum,  nozzle 
duration  can  be  extended  a  short  time  by  increasing  the  flame  barrier  thickness. 
Eventually,  a  point  would  be  reached  when  any  further  increases  in  flame  barrier 
thickness  would  not  result  in  an  increase  in  the  time  necessary  for  the  surface 
temperature  to  reach  a  predetermined  value  (the  maximum  allowable  material 
temperature).  Finding  this  maximum  duration  is  equivalent  to  the  problem  of 
heat  transfer  to  an  infinitely  thick  hollow  cylinder,  which  was  solved  by  Carslaw 
and  Jaeger^.  The  solution  is  plotted  in  Figure  7. 


1.  H.  S.  Carslaw  and  J.  C.  Jaeger,  Conduction  of  Heat  in  Solids,  2nd  Edition, 
p.  338. 
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II,  B,  Three -Materials  Systems  (cont. ) 


Application  of  this  solution  to  the  reference  case  shows 
that  the  maximum  duration  for  the  tungsten-asbestos  phenolic -steel  system 
lies  between  210  and  280  sec  (the  curve  cannot  be  read  any  more  accurately  in 
this  region).  The  optimum  duration  for  this  case  is  120  sec. 

d.  Effect  of  Radius  of  Curvature  at  Throat 

The  effect  of  the  radius  of  curvature  at  the  throat  was 
determined  by  comparing  temperature  histories  of  nozzles  with  different  ratios 
of  throat  radius  of  curvature -to -throat  radius.  The  heat  transfer  calculations 
in  this  case  were  two-dimensional  asisymmetric .  Results  for  the  tungsten- 
asbestos  phenolic -steel  system  are  shown  in  Figure  8.  The  curves  in  Figure  8 
show  temperature -time  distributions  in  the  throat  sections  of  nozzles  with  radius 
ratios  of  0.5,  2,  and  infinity;  the  case  for  infinity  corresponds  to  a  hollow  cy¬ 
linder.  The  nozzle  configurations  are  shown  in  Figure  9.  Each  nozzle  has  a 
15-degree  exit-cone  half-angle  and  a  29-degree  approach- section  angle.  The 
difference  in  surface  temperature  which  results  from  using  two  different  radius 
ratios  (0.  5  and  2.0)  is  approximately  1%,  and  the  difference  in  duration  which 
results  is  approximately  8%.  A  similar  curve  was  calculated  for  a  nozzle  with 
a  bell-shaped  exit  section  but  is  not  shown.  It  would  lie  between  the  cases  for 
radius  ratios  of  0.5  and  2. 

The  curves  shown  in  Figure  8  also  provide  a  compari¬ 
son  between  one-  and  two-dimensional  heat  transfer  calculations.  The  surface 
temperature  calculated  assuming  one -dimensional  heat  transfer  is  3.2%  lower 
than  the  closest  two-dimensional  case,  and  the  duration  is  nearly  40%  greater 
(based  on  the  two-dimensional  case).  This  result  is  not  universal  for  all  one- 
vs  two-dimensional  heat  transfer  calculations,  however.  The  size  and  shape 
of  the  nozzles  being  compared  are  important  factors.  For  example,  in  the  two 
test  nozzles  for  which  both  one-  and  two-dimensional  heat  transfer  calculations 
were  made,  the  temperature  calculations  assuming  one -dimensional  heat  trans¬ 
fer  was  slightly  higher. 
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II,  B,  Three-Materials  Systems  (cont.) 


2.  Effect  of  Material  Variables 


a.  Thermophysical  Properties 


The  material  variables  of  primary  interest  are  the 
thermophysical  properties  --  thermal  conductivity,  the  product  of  density 
and  specific  heat  (p  c^),  and  the  maximum  allowable  material  temperature. 


The  effects  of  the  thermophysical  properties  on  opti¬ 
mum  duration  are  shown  graphically  in  Figure  10.  Optimum  duration  is 
plotted  as  a  function  of  thermal  conductivity  for  two  products  of  density  and 
specific  heat  for  the  insulator  and  the  flame  barrier. 


The  products  of  density  and  specific  heat  shown  are 
approximately  equivalent  to  those  for  tungsten  (41. 3  Btu/cu  ft-°F),  titanium 
carbide  (76.5  Btu/cu  ft-  ‘F),  asbestos  phenolic  (41.9  Btu/cu  ft- °F),  and  porous 
silicon  carbide  (12.  5  Btu/cu  ft-'F).  The  other  figures  shown  on  the  graph  are 
throat  weight  per  unit  length. 

The  curves  in  Figure  10  show  that,  for  the  insulator, 
a  change  in  either  thermal  conductivity  or  the  product  of  density  and  heat  ca¬ 
pacity  has  a  negligible  effect  on  optimum  duration,  while  an  increase  in  ther¬ 
mal  conductivity  of  the  flame  barrier  results  in  a  very  great  increase  in  opti¬ 
mum  duration.  Also,  an  increase  in  the  product  of  density  and  specific  heat 
in  the  flame  barrier  results  in  a  significant  increase  in  optimum  duration. 
Increases  in  optimum  duration,  resulting  from  increases  in  thermal  conduc¬ 
tivity  are  accompanied  by  increases  in  nozzle  weight. 
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II,  B,  Three-Materials  Systems  (cont. ) 

Although  it  may  seem  unusual  to  be  able  to  increase 
duration  capability  by  using  a  "poorer"  insulator,  the  reason  is  quite  clear. 

As  insulator  conductivity  increases,  heat  is  transferred  from  the  flame  bar¬ 
rier  more  rapidly;  the  time  required  for  the  flame  barrier  to  reach  its  limit¬ 
ing  temperature  is  therefore  increased. 

All  of  the  weight  calculations  shown  in  Figure  10  were 
made  for  one  insulator  density  and  one  flame  barrier  density.  The  weight  de¬ 
crease  shown  for  different  products  of  density  and  heat  capacity,  therefore, 
represents  the  influence  of  heat  capacity  only.  Although  the  change  in  weight 
is  small,  and  it  is  reasonable  to  expect  that  the  material  system  capable  of 
absorbing  more  heat  will  weigh  less  to  do  the  same  job,  an  increase  in  specific 
heat  is  the  only  means  by  which  ultimate  capability  (as  indicated  by  optimum 
duration)  can  be  increased  with  a  corresponding  decrease  in  nozzle  weight. 

The  weights  shown  in  Figure  10a  were  calculated  by 
assuming  a  density  of  110  lb/cu  ft  for  the  insulating  material.  Usually  insu¬ 
lators  with  a  low  value  of  the  product  of  density  and  heat  capacity  have  lower 
densities,  while  those  with  a  higher  value  (of  about  50  to  60  Btu/cu  ft  “F)  tend 
towards  higher  densities  (Table  2).  The  weights  shown  in  Figure  10  could  be 
reduced  by  1. 5  lb/in.  by  substituting  a  low-density  insulation  and  increased 
as  much  as  6  lb/in.  by  substituting  a  high-density  insulation.  The  flame  bar¬ 
rier  density  is  1170  lb/cu  ft.  Flame  barrier  densities  vary  much  more  widely 
and  have  a  much  greater  effect  on  nozzle  weight  than  do  insulator  densities. 

To  dissociate  the  effects  of  the  thermophysical  proper¬ 
ties  on  duration  and  weight,  duration  was  plotted  as  a  function  of  conductivity 
for  systems  of  equal  weight.  The  resulting  curves  are  shown  in  Figure  11. 
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II,  B,  Three -Materials  Systems  (cont. ) 

At  low  thermal  conductivity  levels,  increases  in  flame 
barrier  conductivity  are  indicated  by  the  curves  in  Figure  11  to  result  in  in¬ 
creases  in  duration  capability.  At  moderate  and  high  conductivities,  further 
increases  in  conductivity  have  a  negligible  effect  on  duration.  Duration  drops 
off  sharply  after  the  limiting  temperature  of  the  insulator  is  reached,  because 
the  flame  barrier  is  then  operating  below  its  allowable  maximum. 

As  the  nozzle  weight  (flame  barrier  thickness)  is  in¬ 
creased,  the  value  of  flame  barrier  conductivity  above  which  there  can  be  no 
further  increases  in  duration  is  also  increased. 

b.  Maximum  Allowable  Material  Temperature 

The  proper  choice  of  maximum  allowable,  or  limiting, 
material  temperature  is  based  on  knowledge  of  the  behavior  of  the  material  at 
conditions  under  which  it  will  be  used.  Choice  is  also  dependent  upon  the  func¬ 
tion  of  the  material  in  the  system.  The  temperature  limitation  of  the  flame 
barrier  is  thus  below  the  melting  temperature  and  is  influenced  by  the  melting 
or  softening  point  and  by  design  conditions  such  as  chamber  pressure  and  ma¬ 
terial  thickness.  The  limitation  of  the  heat  sink  and  insulator  is  the  tempera¬ 
ture  above  which  these  components  can  no  longer  transmit  pressure  forces  to 
the  load-bearing  member.  Since  these  materials  are  in  the  interior  of  the 
system,  the  possibility  of  decomposition  must  also  be  considered.  The  load- 
bearing  member  is  limited  by  the  relationship  between  temperature  and  yield 
strength. 


In  this  study,  the  choice  of  maximum  allowable  flame 
barrier  and  heat  sink  temperatures  was  somewhat  arbitrary,  being  based  on 
limited  knowledge  of  material  behavior  at  very  high  temperatures.  Some  value 
close  to  and  below  the  melting  point  was  chosen.  For  the  plastic  insulators, 
asbestos  phenolic  for  example,  3000aF  was  chosen  as  the  limiting  temperature. 
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j  II,  B,  Three-Materials  Systems  (cont.) 

Although  the  phenolic  resin  begins  to  decompose  at  approximately  600 °F,  this 
insulation  material  has  been  successfully  tested  by  Aerojet-General  at  tem- 
I  peratures  above  3000‘F  when  the  nozzle  design  included  passages  for  the  es¬ 

caping  gas.  The  limiting  temperature  of  the  load-bearing  member  was  taken 
as  the  temperature  at  which  the  slope  of  the  yield  strength  curve  changes 
|  sharply. 

J  It  was  not  the  object  of  this  study  to  provide  sufficient 

information  about  material  behavior  so  that  a  proper  choice  of  limiting  tempera¬ 
ture  may  be  made.  What  was  determined,  however,  was  the  effect  of  a  change 
j  in  the  choice  of  maximum  allowable  material  temperature  on  duration  and  weight, 

once  such  a  choice  has  been  made. 

I 

( 

I 

In  Figure  12,  throat  weight  per  unit  length  is  plotted 
J  as  a  function  of  duration  for  the  reference  system  and  design  conditions.  With 

1  the  allowable  temperature  of  the  insulator  kept  constant  at  3000°F,  the  allow¬ 

able  temperature  of  the  flame  barrier  was  decreased  to  5800 °F.  With  the  al- 
j  lowable  temperature  of  the  flame  barrier  kept  constant  at  6100°F,  the  insulator 

allowable  temperature  was  varied  to  1500°F  and  4000®F. 

Increasing  the  limiting  temperature  of  the  flame  barrier 
increases  the  duration  or  decreases  the  weight  for  the  same  duration,  at  dur¬ 
ations  above  the  optimum.  At  or  below  the  optimum  duration,  an  increase  in 
the  limiting  temperature  of  the  flame  barrier  has  no  effect  on  weight  or  dur¬ 
ation  because  the  limiting  temperature  is  not  reached  in  the  flame  barrier. 

The  maximum  duration  of  the  system  with  a  5800°F  allowable  flame  barrier 
temperature  is  approximately  95  sec,  as  compared  to  more  than  200  sec  for  the 
system  with  a  6100®F  limitation. 


12 


II,  B,  Three -Mate rials  Systems  (cont . ) 


Increases  in  allowable  insulator  temperatures  also  re¬ 
sult  in  duration  increases  and  weight  decreases,  but  only  at  durations  below  the 
optimum.  At  or  above  the  optimum,  the  limiting  insulator  temperature  is  not 
reached,  so  any  increases  in  the  allowable  temperature  have  no  effect.  In¬ 
creases  in  insulator  allowable  temperature  actually  result  in  decreases  in  opti¬ 
mum  duration,  because  the  portion  of  the  curve  above  the  optimum  is  extended 
downward  to  the  new  allowable  temperature.  The  effect  of  an  increase  in  insu¬ 
lator  allowable  temperature  becomes  smaller  at  higher  allowable  temperatures. 

Maximum  allowable  material  temperature  is  an  im¬ 
portant  material  property  only  in  its  relationship  to  the  gas  temperature.  For 
example,  if  the  allowable  temperature  of  the  material  were  high  in  comparison 
to  the  gas  temperature,  the  duration  would  be  longer,  or  the  nozzle  would  weigh 
less,  than  if  the  allowable  material  temperature  were  low.  The  relationship 
between  the  maximum  allowable  flame  barrier  temperature  and  the  gas  temper¬ 
ature  may  be  expressed  as  a  dimensionless  temperature  ratio, 

T  -  T 

,  ,  ,  gas  allow 

6,  where  <b  =  - a -  . 

T  -  T 
gas  o 

Raising  the  allowable  flame-barrier  temperature  has 
very  nearly  the  same  effect  on  weight  and  duration  as  lowering  the  gas  tempera¬ 
ture.  For  example,  a ^as  temperature  of  8000°F  and  an  allowable  temperature 
of  7000*F  corresponds  virtually  to  a  gas  temperature  of  7000 °F  and  an  allowable 
temperature  of  6126*^.  The  two  cases  will  be  almost  exactly  the  same  if  the 
allowable  insulator  temperature  is  also  changed,  so  that  the  dimensionless  tem¬ 
perature  ratios  based  on  insulator  allowable  temperatures  are  equal  in  both 
cases.  Otherwise,  there  will  be  a  difference  of  several  hundred  degrees  between 
the  attained  and  allowable  insulator  temperatures.  This  assumes  that  very  small 
changes  in  insulator  thickness  are  required  to  maintain  the  load-bearing  member 
at  its  allowable  temperature,  with  a  resultant  negligible  weight  change. 
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II,  B,  Three-Materials  Systems  (cont.  ) 

The  effect  of  dimensionless  temperature  ratio  on  opti¬ 
mum  duration  is  plotted  in  Figure  13  for  a  simulated  tungsten  flame  barrier. 

The  flame  barrier  properties  were  identical  with  those  used  for  tungsten,  ex¬ 
cept  that  the  maximum  allowable  temperature  was  varied  from  4700  to  7000°F. 
Although  the  high  value  is  considerably  higher  than  the  melting  point  of  tungsten, 
its  use  is  justified  because  the  object  here  is  to  investigate  the  trend  of  the 
curve  rather  than  the  performance  of  any  specific  materials. 

The  curves  in  Figure  13  are  for  allowable  insulator  tem¬ 
peratures  of  1500,  3000,  and  4000 °F  at  a  chamber  pressure  of  1000  psia.  The 
curves  take  the  same  3hape  as  the  curve  of  optimum  duration  vs  gas  tempera¬ 
ture.  As  the  maximum  allowable  flame-barrier  temperature  approaches  the 
gas  temperature,  the  optimum  duration  increases  very  rapidly.  The  increases 
in  optimum  duration  are,  as  usual,  accompanied  by  weight  increases,  but  the 
weight  increases  become  smaller  as  <|>  approaches  zero. 

C.  FOUR- MATERIALS  SYSTEMS 

1.  Use  of  a  Heat  Sink 


A  heat  sink  in  a  nozzle  materials  system  will: 

a.  absorb  heat  entering  the  system  and  keep  it  from  reach¬ 
ing  the  insulator, 

b.  keep  the  flame  barrier  cooler  than  if  it  were  backed  by 
an  insulator  alone,  and 

c.  reduce  the  weight  of  the  system  when  it  replaces  part 
of  the  higher -density  flame  barrier.  A  heat  sink  should  be  used  when: 
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II,  C,  Four -Mate rials  Systems  (cont. ) 


(1)  the  flame  barrier  cannot  absorb  enough  of  the 
heat  entering  the  system  to  protect  the  insulator, 

(2)  the  gas  temperature  is  much  greater  than  the 
flame  barrier  allowable  temperature,  and 

(3)  the  density  of  the  flame  barrier  is  high  in  com¬ 
parison  with  the  density  of  the  heat  sink  which  could  replace  a  portion  of  it. 

The  effect  of  the  design  variables  is  essentially  the  same 
for  the  four -mate rials  system  as  for  the  three -materials  system.  That  is, 
chamber  pressure  and  gas  temperature  have  a  very  pronounced  effect  on 
duration  capability,  and  the  effect  of  throat  diameter  is  much  less  signifi¬ 
cant,  except  for  very  small  diameters.  This  is  seen  more  clearly  if  the 
four-materials  system  is  considered  as  a  three-materials  system  in  which 
either  (a)  the  heat  sink  and  flame  barrier  are  considered  as  a  single  flame 
barrier  material  or  (b)  the  heat  sink  is  considered  as  the  insulator.  The 
first  case  would  apply  when  the  flame  barrier  of  the  four-materials  system 
is  very  thin  and  experiences  a  small  temperature  drop.  The  second  case 
applies  when  the  flame  barrier  is  nearly  as  thick  as  the  heat  sink  or  ex¬ 
periences  a  large  temperature  drop. 

2.  Effect  of  Material  Thickness 


The  flame  barrier  thickness  in  the  four -mate rials  system 
should  generally  be  just  sufficient  to  keep  the  heat  sink  from  reaching  its 
maximum  allowable  temperature  or  to  prevent  its  erosion.  The  effect  of 
varying  the  flame-barrier  and  heat- sink  thicknesses  was  investigated  for  the 
tungsten-graphite -asbestos  phenolic -steel  system.  The  properties  used  for 
graphite  were  similar  to  those  of  ATJ*  graphite  and  are  shown  in  Table  4 
with  properties  used  for  other  heat  sinks  investigated. 

♦National  Carbon  Co.  designation 
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II,  C,  Four-Materials  Systems  (cont. ) 


Figure  14  shows  the  effect  upon  duration  of  increasing  heat¬ 
sink  thickness  for  several  constant  flame-barrier  thicknesses.  Increasing  the 
thickness  of  the  heat  sink  results  in  a  duration  increase  and  a  reduction  in  the 
heat  s ink -to -insulator  interface  temperature.  The  curve  in  Figure  14  also 
shows  the  duration  increase  which  results  when  the  temperature  at  the  heat 
sink-to-insulator  interface  is  kept  constant  and  the  flame-barrier  surface 
temperature  is  permitted  to  increase  to  6l00aF.  As  the  flame  barrier  is 
thickened,  the  duration  capability  is  also  increased.  However,  the  nozzle 
weight  increases  more  rapidly  with  increasing  flame-barrier  thickness  than 
with  increasing  heat- sink  thickness,  because  the  specific  heat  of  graphite  is 
more  than  ten  times  as  great  as  the  specific  heat  of  tungsten.  Since  the  pro¬ 
duct  of  density  and  specific  heat  is  approximately  equal  for  both  tungsten  and 
graphite,  the  total  thickness  of  the  flame  barrier  and  heat  sink  remains  es¬ 
sentially  equal  at  any  duration. 

3.  Effect  of  Material  Properties 

The  effect  of  heat-sink  material  properties  on  duration  capa¬ 
bility  was  studied  by  comparing  the  performance  of  the  four  heat  sinks  shown 
in  Table  4.  In  addition,  a  second  value  was  used  for  the  thermal  conductivity 
of  graphite.  The  results  are  shown  in  Figure  15. 

A  comparison  of  the  curves  for  graphite  shows  the  effect  of 
doubling  the  thermal  conductivity.  For  small  heat-sink  thicknesses,  the  effect 
of  conductivity  is  negligible.  At  thicknesses  of  1.5  in.  or  greater,  the  nozzle 
system  with  the  more  highly  conductive  heat  sink  has  a  greater  duration  capa¬ 
bility;  this  effect  increases  with  increased  heat-sink  thickness. 
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II,  C,  Four -Mate rials  Systems  (cont.  ) 


The  curves  for  the  beryllium  oxide  and  boron  carbide  heat 
sinks  again  show  the  effect  of  thermal  conductivity  for  heat  sinks  with  nearly 
equal  products  of  density  and  specific  heat.  Here  the  advantage  of  using  the 
higher -conductivity  material  starts  to  become  significant  at  1.2  to  1.5  in. 

A  comparison  of  the  curves  for  the  low -conductivity  graphite 
and  beryllium  oxide  shows  the  effect  of  nearly  doubling  the  product  of  density 
and  specific  heat  while  keeping  the  thermal  conductivity  constant.  Both  curves 
appear  to  flatten  out  at  approximately  the  same  heat-sink  thickness,  but  the 
curve  for  the  material  with  the  higher  product  of  density  and  specific  heat 
shows  a  maximum  of  46%  greater  duration  capability  based  on  the  lower  dur¬ 
ation. 


The  curves  for  boron  carbide  and  high  conductivity  graphite 
also  show  the  effect  of  the  product  of  density  and  specific  heat.  The  conductivity 
of  boron  carbide  is  22%  lower  than  that  used  for  the  high- conductivity  graphite 
and  the  product  of  density  and  specific  heat  is  87%  higher.  Durations  with  the 
boron  carbide  heat  sink  are  as  much  as  50%  higher  for  the  same  thickness. 

Again,  the  strong  effect  of  the  product  of  density  and  specific 
heat  is  seen  in  a  comparison  of  the  curves  for  boron  carbide  and  pyrolytic 
graphite,  with  the  graphite  oriented  so  that  the  high  conductivity  is  in  the  radial 
direction.  The  product  of  density  and  specific  heat  of  the  boron  carbide  is  16% 
higher,  but  the  thermal  conductivity  is  80%  lower;  yet  the  nozzle  system  with 
the  boron  carbide  heat  sink  shows  durations  almost  as  high,  and  higher,  than 
the  one  with  pyrolytic  graphite,  for  thickness  up  to  3  in.  This  result  corrobo¬ 
rates  the  finding  for  the  three-materials  system:  increases  in  flame  barrier 
thermal  conductivity  have  an  insignificant  effect  upon  duration  when  the  con¬ 
ductivity  is  already  very  high  (see  Figure  10). 
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II,  Analytical  Studies  (cont.) 


D.  EFFECT  OF  UNCERTAINTIES  IN  PHYSICAL  PROPERTIES 


As  materials  for  use  at  high  temperatures  are  developed,  the 
question  arises  of  how  accurately  one  needs  to  know  the  thermophysical 
properties  to  design  a  nozzle  materials  system. 


The  effect  of  thermal  conductivity,  density,  and  heat  capacity  on 
temperature  distribution  is  a  function  of  the  heat  transfer  to,  and  geometry  of, 
the  system.  These  may  be  expressed  in  terms  of  three  dimensionless  moduli: 

k  6 

1.  the  Fourier  modulus,  F  =  ■—  - . w — 

pc  b£ 
r  P 

2.  the  Biot  modulus,  B  =-~-,  and 

k 

3.  the  radius  ratio  R  =  — 

b 


The  density  and  heat  capacity  affect  temperature  distribution  only 
through  the  Fourier  modulus,  whereas  the  thermal  conductivity  affects  tem¬ 
perature  distribution  through  both  the  Fourier  and  Biot  moduli.  The  effect  of 
errors  in  density  and  specific  heat  on  temperature  distribution  was  found  for  a 
material  insulated  on  the  outside;  temperature  tables  for  internally  heated 
hollow  cylinders^  were  used  along  with  the  following  equation^: 


F  +  A  F 
F 


1 


i. 


2. 


G.  Fluke,  Temperature  Tables  for  Internally -Heated  Hollow  Cylinders, 
Aerojet-General  Corporation,  Technical  Memorandum  121 -SRP,  October 
19S9  (Aerojet -General  internal  publication). 
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II,  D,  Effect  of  Uncertainties  in  Physical  Properties  (cont. ) 


The  effect  of  large  errors  in  thermal  conductivity  cannot  be  found  by  this 
method  because  a  linear  combination  of  errors  in  the  Fourier  and  Biot  moduli 
yields  an  accurate  result  for  only  very  small  errors  in  conductivity.  The 
effect  of  conductivity  errors  was  found  by  comparing  the  results  of  several 
computer  runs  in  which  only  the  thermal  conductivity  was  changed. 

Fourier  numbers  of  interest  in  solid-rocket  nozzle  heat-transfer 
range  from  about  0.  005,  for  nonconductive  materials  with  large  diameters 
or  at  small  times  of  a  few  seconds,  to  about  2,  for  conductive  materials  with 
small  diameters  and  long  durations  of  approximately  100  sec.  Biot  numbers 
range  from  about  0.  8  for  low  chamber  pressures,  small  diameters,  and  high 
conductivities,  to  about  150  for  high  chamber  pressures,  large  diameters,  and 
low  conductivities. 

Figure  16  shows  the  effect  of  errors  in  density  and  heat  capacity 
on  exposed  and  insulated  surface  temperatures  for  B  =  10,  R  =  0.  8,  and 
F  =  0.  05  and  0.  10.  This  combination  of  conditions  would  apply  to  an  8-in. 
thick  tungsten,  hot-flow  tested  at  a  pressure  of  750  psi  at  30  and  60  sec.  The 
gas  temperature  for  this  case  is  7000°F,  but  other  calculations  show  that  gas 
temperature  has  a  negligible  effect  upon  the  percentage  error. 

Figure  16  shows  that  errors  in  either  density  or  specific  heat  of 
20%  or  less  result  in  surface  temperature  errors  of  less  than  5%.  The  effect 
of  errors  in  density  or  specific  heat  decreases  with  increasing  Fourier  number: 
at  the  higher  Fourier  number  a  40%  error  results  in  less  than  a  5%  error  in 
surface  temperature.  Also,  positive  errors  in  density  or  specific  heat  (values 
greater  than  the  actual)  result  in  negative  errors  in  temperature  (values  less 
than  the  actual)  and  vice  versa. 
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II,  D,  Effect  of  Uncertainities  in  Physical  Properties  (cont.) 


The  effect  of  thermophysical  property  errors  on  temperature  is 
much  greater  at  the  insulated  than  at  the  exposed  surface.  The  curves  of 
Figure  16  also  show  that  the  insulated  surface  temperature  error  which 
arises  as  a  result  of  errors  in  density  or  heat  capacity  is  2  to  2.5  times 
greater  than  at  the  exposed  surface.  For  the  same  conditions,  the  effect 
of  errors  in  thermal  conductivity  on  surface  temperature  is  negligible.  A 
positive  error  of  50%  or  a  negative  error  of  25%  in  conductivity  results  in  a 
surface  temperature  error  of  less  than  1%.  Insulated- surface  temperature 
errors  which  arise  from  thermal- conductivity  errors,  shown  in  Figure  17, 
are  many  times  greater. 

Errors  in  duration  that  arise  from  density  or  heat  capacity  errors 
will  have  the  same  magnitude  and  direction  as  the  errors  in  density  or  heat 
capacity.  This  is  a  direct  result  of  the  fact  that  time  appears  only  in  the  de¬ 
nominator. 


For  the  conditions  discussed,  positive  and  negative  conductivity 
errors  of  20%  will  result  in  duration  errors  of  -8%  and  12%,  respectively. 

An  examination  of  many  curves  of  thermophysical  properties  as 
a  function  of  temperature  shows  that,  on  the  average,  the  variation  in  thermal 
conductivity  between  room  temperature  and  several  thousand  degrees  is  ap¬ 
proximately  2  to  2.  5  times  as  great  as  the  variation  in  heat  capacity  and  40  to 
50  times  as  great  as  the  variation  in  density.  Although  the  exact  magnitude  of 
the  error  will  depend  on  the  specific  heat  transfer  conditions  involved,  generally 
errors  resulting  from  uncertainties  in  thermal  conductivity  and  heat  capacity 
at  elevated  temperatures  are  of  the  same  order  of  importance,  whereas  errors 
resulting  from  uncertainties  in  density  are  important  only  for  the  most  precise 
calculations . 
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II,  D,  Effect  of  Uncertainties  in  Physical  Properties  (cont. ) 

The  use  of  constant,  opposed  to  variable,  thermal  properties 
was  also  investigated  for  the  basic  system.  In  most  heat  transfer  calculations, 
constant  thermal  properties  are  used  because  of  the  added  complexities  of 
handling  variable  properties.  Sometimes,  large  errors  can  result  if  the 
constant  properties  are  not  chosen  properly.  In  this  case,  as  shown  in  Figure 
18,  only  a  small  difference  resulted  when  constant  properties  were  used.  The 
difference  increases  in  going  towards  the  outside  of  the  nozzle. 

E.  EFFECT  OF  ANISOTROPY 

The  recent  development  of  pyrolytic  graphite,  a  material  that 
has  considerably  different  thermal  conductivities  along  different  axes,  has 
created  interest  in  the  use  of  anisotropic  materials  for  nozzles.  Since  the 
initial  announcement  of  the  development  of  pyrolytic  graphite  approximately 
2  years  ago,  work  has  been  conducted  on  the  development  of  a  group  of  other 
high-temperature  anistropic  materials,  pyrolitic  carbides^.  Under  the 
current  program,  an  effort  was  made  to  show  the  possible  advantages  of 
using  either  a  material  which  is  inherently  anisotropic  or  a  design  in  which 
anisotropy  is  figuratively  inferred. 

Most  present-day  nozzle  designs  that  incorporate  pyrolytic  graphite 
make  use  only  of  its  high-temperature  limitation  and  its  insulative  qualities. 
For  example,  it  may  be  used  as  a  very-high-temperature  insulator  or  as  an 
insulating  flame  barrier  to  block  heat  transfer  to  the  wall.  Its  use  as  a  flame 
barrier  at  the  throat,  however,  is  in  question  because  the  hot  surface  heats 
up  quickly  to  within  a  few  hundred  degrees  of  the  gas  temperature  while  the 
surface  furthest  from  the  gas  remains  cool;  a  serious  thermal  shock  problem 
is  the  result. 


(1)  .  Being  developed  by  Raytheon  Company  Research  Division,  Waltham, 
Massachusetts. 
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II,  E,  Effect  of  Anisotropy  (cont. ) 


For  this  study,  a  conceptual  nozzle  design  was  made  that  uses  the 
high  thermal  conductivity  of  pyrolytic  graphite  parallel  to  the  grain.  This  de¬ 
sign  is  shown  in  Figure  19.  The  nozzle  throat  is  tungsten  and  the  rest  of  the 
nozzle  is  made  of  graphite  and  pyrolytic  graphite,  with  an  asbestos  phenolic 
insulator  and  a  steel  load-bearing  member.  The  pyrolytic  graphite  is  oriented 
so  that  the  highest  conductivity  is  in  the  direction  parallel  to  its  longest  axis. 

The  pyrolytic  graphite  acts  as  an  insulating  flame  barrier  along  the  surface  of 
the  nozzle  in  the  upstream  and  downstream  sections  and,  in  the  interior,  con¬ 
ducts  heat  away  from  the  tungsten  throat  to  cooler  portions  of  the  nozzle.  The 
pyrolytic  graphite  on  both  sides  of  the  tungsten  conducts  heat  away  from  the 
hot  surface  and  prevents  heat  from  entering  the  tungsten  throat  area  from  the 
side.  (Considerable  modifications  would  probably  have  to  be  made  before  such 
a  nozzle  could  be  built. ) 

Temperature  distribution  in  the  nozzle  is  shown  at  93  sec,  when 
the  tungsten  surface  temperature  reaches  6l00*F  (Figure  20a).  For  com¬ 
parison,  the  temperature  distribution  in  a  similar  nozzle,  with  all  the  pyrolytic 
graphite  replaced  by  ordinary  graphite,  is  shown  in  Figure  20b.  The  temper¬ 
atures  reached  in  the  nozzle  with  pyrolytic  graphite  are  470  to  600°F  lower 
than  those  in  the  nozzle  without  pyrolytic  graphite.  The  tungsten  throat  of  the 
nozzle  shown  in  Figure  20b  reached  6l00*F  at  its  surface  within  53  sec.  A 
portion  of  the  pyrolytic  graphite  section  that  shows  temperatures  of  6800* F  would 
have  eroded  by  93  sec,  but  this  should  not  seriously  affect  the  condition  at  the 
throat.  The  high  temperatures  at  the  graphite-asbestos  phenolic  interface  indi¬ 
cate  that  either  an  insulator  with  a  higher  maximum  allowable  temperature  (for 
example,  pyrolytic  graphite)  or  thicker  graphite  should  be  used. 
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III.  TEST  PROGRAM 


A.  TEST  OBJECTIVES 

The  objectives  of  the  test  program  were  to  determine  the  effects  of 
flame  barrier  and  insulation  thickness  upon  duration  capability,  to  establish  the 
proximity  of  actual  to  calculated  temperature  distributions,  and  to  investigate  the 
effect  of  aluminum  oxide  deposition  on  materials  system  capability. 

B.  NOZZLE  DESIGN 

Six  nozzles  of  0.70-in.  throat  diameter  were  tested.  The  three-ma¬ 
terial  model  was  used  for  the  nozzle,  and  the  flame  barrier  and  insulator  throat 
thicknesses  were  varied.  The  nozzle  consisted  of  a  tungsten  flame  barrier,  a 
zirconium  oxide  insulator,  and  a  chrome -molybdenum  (4130)  steel  load-bearing 
member.  Flame  barrier  thicknesses  at  the  throat  varied  from  0.  150  to  1. 00  in. , 
and  insulator  thicknesses  varied  from  0. 155  to  0.55  in.  The  insulator  thickness 
was  at  least  large  enough  to  maintain  the  steel  at  its  maximum  allowable  tem¬ 
perature  of  700”F.  Steel  thicknesses  were  0.  11  in. ,  except  for  the  nozzle  with 
the  thinnest  throat,  where  design  considerations  necessitated  a  0.23-in.  thick¬ 
ness.  Also  because  of  design  considerations,  the  steel  member  was  omitted 
from  the  nozzle  with  the  thickest  throat.  Figure  21a  is  a  sketch  of  the  basic  ma¬ 
terials  system  tested.  The  nozzles  with  the  two  thinnest  throats  were  of  slightly 
different  design.  These  are  shown  in  Figures  21b  and  21c. 

The  entrance  section  consisted  of  a  thin  graphite  cone,  cemented 
inside  a  precast  zirconium  oxide  shell.  Use  of  a  large  heat  sink  in  the  entrance 
section  was  deliberately  avoided. 
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Ill,  B,  Nozzle  Design  (cont.) 


The  tungsten  throat  insert  was  machined  from  a  forging  of 
95+  percent  theoretical  density  and  a  purity  of  99.  75%,  certified  by  the 
vendor.  ^  The  tungsten  was  flame  sprayed  on  the  outside  with  zirconium 
oxide  (Rokide  Z)  of  72-  percent  theoretical  density.  A  steel  sleeve  was 
cemented  to  the  outside  of  the  oxide  coating.  Flat-bottomed  thermocouple 
holes  were  then  drilled  to  various  depths.  The  entire  nozzle  throat  assembly 
was  made  by  the  same  vendor. 

C.  TEST  CONDITIONS  AND  EQUIPMENT 

1.  Test  Conditions 


The  propellant  consisted  of  a  polyurethane  rubber  matrix 
containing  ammonium  perchlorate  oxidizer  and  16%  aluminum.  Nominal 
chamber  pressure  was  350  psi.  The  calculated  combustion  temperature  was 
5750 *F  at  1000  psi  and  the  actual  temperature  was  estimated  to  be  5600*F 
at  350  psi.  Nominal  firing  durations  for  the  motor  were  all  higher  than 
calculated  expected  durations  for  the  nozzle,  assuming  no  aluminum  oxide 
deposition,  and  ranged  from  50  to  110  sec. 

2.  Test  Rocket  Motor 

The  test  rocket  motor  contained  an  end-burning  grain  and 
had  a  nominal  diameter  of  8  in.  Nominal  length  was  about  25  in.  and  firing 
durations  were  increased  by  using  a  longer  chamber.  The  chamber  was 
made  of  steel  pipe  and  was  water-cooled  during  the  test. 


HI  Straza  Industries,  El  Cajon,  California 
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Ill,  C,  Test  Conditions  and  Equipment  (cont. ) 


The  steel  aft  closure  shown  in  Figure  22  was  designed  to 
accomodate  thermocouples.  The  nozzle  assembly  was  cemented  to  the  aft 
closure,  which  was  bolted  to  the  motor.  Figure  23  is  a  photograph  of  a 
typical  aft  closure  assembly  before  firing.  The  thermocouple  connection  plugs 
are  shown  wrapped  with  insulation  material. 

3.  Instrumentation 


Pressure  was  measured  with  a  Taber  pressure  transducer 
by  means  of  a  pressure  tap  in  the  aft  end  of  the  chamber.  This  was  connected 
to  a  continuous  recorder.  Two  readings  were  taken  and  averaged. 

Each  nozzle  was  instrumented  with  six  thermocouples,  all 
located  at  the  throat  at  various  depths.  Four  types  were  used:  tungsten/ 
tungsten-26%  rhenium,  tungsten/ rhenium,  platinum/platinum-13%  rhodium, 
and  chromel/alumel. 

The  use  of  tungsten-type  thermocouples  represented  an 
attempt  to  measure  temperatures  above  3200 *F  near  the  hot  surface  of  the 
flame  barrier.  Neither  of  the  two  tungsten/tungsten-rhenium  thermocouples^ 
produced  any  usable  results.  The  tungsten/rhenium  thermocouples^  were 
insulated  with  beryllium  oxide  and  were  assumed  to  be  reliable  up  to  4000*F; 
one  of  the  10  used  was  chosen  at  random  and  calibrated  between  2000  and 
4000*F,  The  calibration  data  agreed  very  well  with  the  accepted  calibration 
curve  for  tungsten-rhenium.  During  the  tests,  some  of  these  thermocouples 
showed  signs  of  erratic  behavior  at  about  3000*F. 


(1)  Continental  Sensing,  Inc.,  Melrose  Park,  Ill. 
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Ill,  C,  Test  Conditions  and  Equipment  (cont. ) 


Four  thermocouples  of  the  first  three  types  were  used  to 
measure  temperatures  in  the  tungsten.  One  platinum/platinum -13%  rhodium 
thermocouple  measured  the  temperature  in  each  insulator  and  the  temperatures 
in  each  steel  section  were  measured  with  one  chromel/alumel  thermocouple. 

Two  thermocouples  were  placed  in  the  insulator  of  the  nozzle  in  which  the 
steel  load-bearing  member  was  omitted.  The  thermocouples,  except  for  the 
tungsten/tungsten-rhenium,  were  secured  with  Swagelok  fittings''  Table  5 
shows  the  locations  of  the  thermocouple  holes.  The  radial  distances  from  the 
nozzle  axis  were  obtained  from  prefiring  measurements  of  the  depths  of  the 
holes,  the  throat  radii,  and  the  outside  diameter.  These  were  checked  against 
direct  measurements  of  two  holes  in  each  nozzle  after  the  nozzle  was  hot -flow- 
tested  and  sectioned.  The  measurements  agreed  within  0.005  in. 

D.  PROCEDURES 

Each  nozzle  assembly  was  inspected  after  receipt.  The  throat 
diameter  was  measured  to  the  nearest  0.001  in.  and  the  average  of  four  read¬ 
ings  was  taken.  The  depths  of  the  thermocouple  holes  were  measured  to  the 
nearest  0.001  in.  Photographs  of  the  nozzle  and  aft  closure  were  taken 
immediately  before  and  after  firing.  During  firing,  the  nozzle  was  photographed 
with  high-speed  motion  picture  and  closed -circuit  television  cameras.  After 
disassembly,  each  insert  was  photographed,  and  the  throat  contour  was  traced 
on  transparent  paper  with  an  optical  comparator  at  a  magnification  of  10X. 

The  throat  area  was  then  measured  from  the  trace  (shadowgraph)  with  a 
planimeter.  The  diameter  after  firing  was  calculated  by  assuming  a  true  circle. 
The  nozzles  were  cut  in  half  along  the  long  axes  and  photographed  again;  each 
cut  was  made  through  two  of  the  thermocouple  holes,  and  the  distance  to  the 
inside  nozzle  surface  was  measured  directly. 


(1)  Swagelok  Tube  Fittings,  Cleveland,  Ohio. 
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Ill,  D,  Procedures  (cont. ) 


Temperature  distributions  were  calculated  for  each  nozzle,  assuming 
one -dimensional  heat  transfer  and  a  heat  transfer  coefficient  based  on  constant 
nominal  pressure.  Two-dimensional,  axisymmetric  heat  transfer  calculations 
were  also  made  for  the  nozzles  with  0.45  and  1.00-in.  tungsten  throat  thicknesses. 
The  calculated  temperature  distributions  were  then  compared  with  the  thermo¬ 
couple  readings  for  the  nozzles  in  which  no  aluminum  oxide  deposition  occurred. 
Where  deposition  occurred,  the  measured  temperature  data  were  used  to  obtain 
an  experimental  heat  transfer  coefficient.  The  difference  in  resistance  to  heat 
transfer  represented  by  the  experimental  and  theoretical  heat  transfer  coefficients 
was  assumed  to  be  a  measure  of  the  resistance  offered  by  the  deposited  oxide 
layer.  This  was  compared  to  the  measured  deposit  thickness  and  an  average 
thermal  conductivity  was  obtained  for  the  deposit. 

E.  TEST  RESULTS 

Photographs  taken  immediately  after  testing  of  each  of  the  six  nozzles 
are  shown  in  Figure  24.  (The  nozzle  shown  in  Figure  24c  is  an  exception  to  this 
statement,  as  the  photograph  taken  immediately  after  firing  was  not  usable;  the 
one  shown  was  taken  after  disassembly  of  the  aft  closure.)  The  nozzles  are 
arranged  in  order  of  decreasing  tungsten  throat  thickness.  Considerable  depo¬ 
sition  occurred  where  the  nozzle  throats  were  thick.  The  thinnest  nozzles  were 
burned  through  during  the  firing.  The  test  results  are  summarized  in  Table  6. 
Pressure  vs  time,  temperature  vs  time,  and  shadowgraphs  for  each  nozzle  are 
shown  in  Figures  25  through  40.  Shadowgraphs  were  not  taken  of  the  two  nozzles 
that  burned  through  during  firing.  Ignition  delays  of  approximately  10  sec  occurred 
in  tests  No.  3  and  4  and  are  shown  graphically  in  Figures  27,  28,  32,  and  33. 

The  amount  of  aluminum  oxide  deposition,  as  determined  from  the 
shadowgraphs,  is  shown  as  a  function  of  tungsten  throat  thickness  in  Figure  41. 
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Ill,  Test  Program  (cont. ) 


F.  CORRELATION  OF  TEST  DATA 

i.  Discussion  of  Nozzle  Burnthrough 


The  nozzle  designs  were  such  that  the  thinnest  sections  were 
upstream  of  the  throat.  A  hoop-stress  calculation^  shows  that  0.08-in.  -thick 
tungsten  is  required  at  an  area  ratio  of  3.2,  upstream  of  the  throat,  for  a  chamber 
pressure  of  350  psi.  The  tungsten  inserts  in  the  two  nozzles  that  failed  during 
firing  were  0. 10  and  0.13  in.  thick,  respectively.  These  values  are  represented 
by  safety  factors  of  1.3  and  1.6.  It  is  postulated  that  the  failure  of  these  two 
nozzles  occurred  in  the  entrance  section  when  the  insulation  was  heated  beyond 
its  softening  point  and  could  no  longer  transmit  load  to  the  steel.  The  tungsten, 
forced  to  carry  the  full  load,  yielded  and  failed. 

Calculations  show  that  the  insulator  at  the  throat  should  reach 
its  assumed  limiting  temperature  of  4600*F  at  6  and  14  sec  for  the  0.  15-in.  - 
thick  and  the  0.30-in.  -thick  tungsten,  respectively.  The  time  for  the  insulation 
in  the  entrance  section  to  reach  the  same  temperature  was  not  calculated,  but 
should  be  approximately  the  same,  or  a  little  greater,  because  of  the  balance 
between  decrease  in  heat  transfer  coefficient  and  decrease  in  tungsten  flame 
barrier  thickness.  The  pressure  and  temperature  curves  indicate  that  burnthrough 
started  at  approximately  1. 5  and  3.  5  sec  after  ignition  for  the  nozzles  with 
0.  15-in.  -thick  and  0.  30 -in.  -thick  tungsten,  respectively.  The  starting  of  burn¬ 
through  so  soon  after  ignition  could  be  attributed  either  to  an  assumption  of  too 
high  a  value  for  the  limiting  insulator  temperature  or  to  a  slight  crack  in  the 
tungsten  that  went  undetected  because  it  occurred  after  assembly.  In  this 


(H  4  =1^E^>=  wall  thickness,  in. 

where:  P  =  0.976  (350)  psi 
d  =  t  +  0.  70  in. 

a  =  2000  psi  allowable  stress  for  tungsten  at  4800 *F 
4>  =  32°  entrance  angle 
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Ill,  F,  Correlation  of  Test  Data,  (cont.) 


instance,  thermal  shock  was  discounted  as  a  reason  for  failure  because  the 
thickest  nozzles,  which  remained  intact,  should  have  suffered  the  most  severe 
shock. 


The  next  larger  insert  (0.45-in.  tungsten  throat  thickness) 
was  0.  13  in.  thick  at  its  thinnest  section.  Although  the  throat  remained  intact, 
a  portion  of  the  entrance  section  was  burned  through  to  the  steel  shell  (Figure  42). 

2.  Comparison  of  Calculated  Temperatures  with  Test  Data 

\ 

/  For  the  two  thinnest  nozzles,  calculated  temperatures  and 

the  test  data  agree  fairly  well,  but,  because  of  deposition,  the  results  for  the 
other  nozzles  show  consistently  lower  temperatures  than  calculated. 

In  tests  No.  4  and  5,  the  two  thinnest  nozzles,  the  thermo¬ 
couples  in  the  tungsten  at  the  section  where  burnthrough  occurred  show  lower 
temperatures  than  those  on  the  opposite  side  and  show  the  greatest  temperature 
rise  after  burnthrough  started,  as  indicated  by  the  pressure  curves.  These 
thermocouples  were  probably  not  operating  after  about  3.  5  sec  and  are  not 
represented  on  the  comparison  curves.  In  addition,  TN  3  on  test  No.  4  was 
inoperative  and  is  not  shown. 

In  test  No.  4,  where  0.030-in.  -thick  tungsten  was  used, 
agreement  was  excellent  for  thermocouples  TN  1  and  TN  2  (Figure  43).  The 
calculated  temperatures  began  at  the  end  of  the  ignition  delay  of  9.7  sec. 

After  30  sec,  the  pressure  was  very  low,  with  a  corresponding  reduction  in 
heat  transfer  coefficient.  This  probably  accounts  for  the  leveling  off  of  the 
temperature  shown  by  TN  3. 

In  test  No.  5,  where  0.  15-in.  -thick  tungsten  was  used, 
agreement  was  fairly  good  for  TN  1  and  TN  2  (Figure  44).  The  measured 
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.Ill,  F,  Correlation  of  Test  Data 


insulator  temperature  (TN  3)  was  far  below  the  calculated  value;  the  discrepancy 
is  probably  a  result  of  improper  installation  of  the  thermocouple.  The  insulator 
material  is  such  that  particles  come  off  when  it  is  scraped.  The  scraping  action 
of  the  thermocouple  when  installed  could  easily  rub  off  enough  particles  to  cause 
a  large  displacement  of  thermocouple  location.  A  difference  of  0.03  in.  in 
location  could  result  in  temperature  error  of  25%. 

A  two-dimensional  heat  transfer  calculation  made  for  the 
nozzles  of  tests  No.  1  and  2  and  shown  in  Figures  45  and  46  account  for  only 
a  very  small  portion  of  the  difference  between  measured  and  calculated 
temperatures.  The  remainder  of  the  difference  was  ascribed  to  aluminum  oxide 
deposition.  An  attempt  was  made  to  determine  an  average  h<  it  transfer  coef¬ 
ficient  for  the  entire  firing  time  by  comparing  the  measured  data  with  temperature 
distributions  calculated  by  assuming  various  heat  transfer  coefficients  as  shown 
in  Figure  47.  The  result  was  an  "experimental  heat  transfer  coefficient" 

(hexp).  Assuming  a  steady -state  condition  exists  between  the  film  and  the  wall, 
the  difference  between  reciprocals  of  the  experimental  heat  transfer  coefficient 
and  the  heat  transfer  coefficient  calculated  from  the  average  chamber  pressures 
should  be  equal  to  the  average  thermal  resistance  of  the  aluminum  oxide  film. 

The  film  resistance  is  compared  with  the  average  film  thickness,  and  a  film 
conductivity  (k^)  is  calculated.  The  average  film  thickness  is  taken  as  half 
the  thickness  measured  after  firing.  The  calculation  is  summarized  in  Table  7. 
Values  of  k,  found  by  this  method  average  5.4  Btu/hr-ft-*F.  The  best  available 
data  for  solid  aluminum  oxide'  '  show  conductivities  of  about  5.8  Btu/hr-ft-*F 
for  the  dense  material,  when  the  data  are  extrapolated  to  the  melting  point;  this 
is  an  excellent  agreement.  No  data  are  available  for  the  conductivity  of  molten 
aluminum  oxide.  This  calculation  demonstrates  that  temperature  data  and 
deposition  thickness  can  be  correlated. 


(1)  A.  Goldsmith  and  T.  E.  Waterman,  Thermophysical  Properties  of  Solid 
Materials,  WADC  TR  58-475,  October  1958,  p.  Vll-M-1. 
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IV.  CONCLUSIONS 


A.  ANALYSIS 

1.  For  a  nozzle  materials  system,  an  optimum  balance  between 
duration  and  material  thickness  may  be  found.  This  optimum  is  a  practical 
measure  of  duration  capability;  above  it,  nozzle  weight  increases  rapidly  for 
small  increases  in  duration. 

2.  Optimum  duration  decreases  rapidly  with  small  increases  in 
chamber  pressure  or  gas  temperature,  but  increases  in  throat  diameter  for  di¬ 
ameters  above  4  in.  affect  optimum  duration  only  slightly. 

3.  In  constant-weight  systems,  increases  in  chamber  pressure 
or  gas  temperature  result  in  decreases  in  duration;  the  effect  is  greater  at 
higher  durations. 

4.  Flame-barrier  and  heat-sink  thermophysical  properties 
significantly  affect  duration  capability,  while  insulator  and  load-bearing  member 
properties  do  not.  Flame  barriers  should  generally  have  moderately  high 
thermal  conductivities,  high  products  of  density  and  specific  heat,  and  low 
densities.  A  high  product  of  density  and  specific  heat  is  more  important  than 
high  conductivity  in  selecting  heat-sink  materials. 

5.  Four-material  systems  can  be  designed  lighter  in  weight 
than  three -material  systems  because  heat  sinks  usually  have  lower  densities 
than  flame  barriers. 

6.  Increases  in  maximum  allowable  material  temperature  result 
in  duration  increases  or  weight  decreases;  the  increase  or  decrease  is  above 
the  optimum  point  for  the  flame  barrier  and  below  the  optimum  for  the  insulator. 
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IV,  A,  Analysis  (cont.  ) 


7,  Thermal  conductivity  and  heat  capacity  errors  that  result  from 
uncertainties  in  thermophysical  properties  at  elevated  temperatures  are  of  the 
same  relative  order  of  importance,  but  errors  resulting  from  uncertainties  in 
density  are  important  for  only  the  most  precise  calculations.  Positive  thermal 
conductivity  errors  and  negative  density  or  heat-capacity  errors  will  result  in 
conservative  estimates  of  duration  capability. 

8.  Use  of  a  properly  oriented  anisotropic  material  could  result 
in  increased  duration  capability. 

B.  TEST  PROGRAM 

1.  The  test  data  show  that  it  is  possible  to  predict  nozzle 
temperatures  fairly  accurately  only  when  no  deposition  occurs  on  the  nozzle 
wall  during  firing. 

2.  When  deposition  occurs,  the  measured  temperature  is  lower 
than  the  calculated  value  but  may  be  brought  very  close  to  agreement  by  con¬ 
sideration  of  the  deposit  thermal  blocking  effect  in  the  calculation. 

3.  The  amount  of  deposition  that  occurs  during  a  firing  increases 
as  the  heat-sink  thickness  increases,  resulting  in  longer  durations  than  could 
be  achieved  with  the  lower  surface  temperatures  due  to  increased  thickness 
alone. 


f 

/ 

\ 


4.  Insulator  temperatures  are  difficult  to  measure  accurately 
because  of  the  difficulties  involved  in  obtaining  a  good  seat  at  the  bottom  of  the 
thermocouple  hole  and  in  measuring  thermocouple  locations  accurately. 
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V. 


RECOMMENDATIONS 


A.  MATERIALS  RESEARCH  AND  DEVELOPMENT 

The  following  areas  are  most  promising  for  future  materials  re¬ 
search  and  development,  as  applied  to  solid  rocket  nozzles. 

i.  Use  of  the  following  criteria,  listed  in  order  of  importance,to 
determine  the  potential  of  future  nozzle  materials  from  the  heat  transfer  point 
of  view. 

a.  flame  barriers 

(1)  high  allowable  temperature 

(2)  high  product  of  density  and  specific  heat 

(3)  moderately  high  conductivity 

(4)  moderately  low  density 

b.  heat-sink  materials 

( 1 )  high  product  of  density  and  specific  heat 

(2)  moderately  high  conductivity 

(3)  low  density 

(4)  moderately  high  allowable  temperature 

c.  insulator 

(1)  high  allowable  temperature 

d.  load-bearing  member 
(1)  low  density 
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V,  A,  Materials  Research  and  Development  (cont.  ) 


2,  Development  of  boron  carbide  for  use  as  a  nozzle  heat-sink 

material. 

3.  Development  of  techniques  to  manufacture  high-temperature 
anisotropic  materials  so  that  either  the  conducting  or  insulating  properties  may 
be  used  in  any  direction  desired. 

B.  NOZZLE  BEHAVIOR  INVESTIGATIONS 

In  addition  to  the  above  areas  for  materials  research  and  develop¬ 
ment,  the  following  areas  hold  promise  for  future  analytical  and  experimental 
investigations  to  obtain  significant  knowledge  of  nozzle  behavior: 

1.  Effects  of  induced  thermal  stresses,  thermal  Bhock  resistance 
of  materials,  and  effects  of  erosion  characteristics  on  duration  capability  should 
be  investigated. 

2.  The  effects  of  aluminum  oxide  deposition  should  be  studied, 
especially  the  mechanism  of  deposition,  the  properties  of  the  deposit,  and  the 
use  of  the  deposit  as  an  auxiliary  flame  barrier  to  block  heat  transfer  to  the 
wall. 


3.  Attention  should  be  given  to  the  use  of  anisotropic  features 
in  nozzle  design.  The  use  of  anisotropic  materials  is  merely  a  first  step  in 
this  direction.  The  possibilities  of  conducting  heat  more  efficiently  to  the 
cooler  sections  of  the  nozzle,  perhaps  with  finned  flame  barriers,  should  be 
investigated. 

4.  A  more  detailed  study  of  weight  vs  duration,  especially  as 
the  entire  missile  system  is  affected,  would  be  helpful  to  nozzle  design. 
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TABLE  1 


II KELT  NOZZLE  NtTBOALS 


Function 

71am  Barrier 

Material 

1.  Refractory  Metals 
(V,  Ta-V,  no) 

- magiigagag - 1 - 

Charecterlatlea 

High  conductivity 

High  deneity 

2.  Oraphltaa 

Nodereta  oondnctirlty 

Low  deneity 

3.  Refractory  Cerbidee 
(arc,  TUC,  TIC,  ZrC) 

Low  conductivity 

High  waiting  polnta 

It*  Pyrolytic  Graphite, 
Pyrolytic  Carbidaa 

Anlaotropy 

Heat  Sink 

1.  Oraphltaa 

Rlgh-Tnep  m  eture  Ideltetlon 

2.  Berylllun  Oxide 

3.  Boron  Carbide 

High  apeclfle  heat 
(  >  O.U  Btn  ) 

1 E  -  V 

Inn  1*  tor 

1*  Plaatice  (Rafraall  or 
Aabeetoa  Phenolic, 
Orapblta  Cloth  with 
Phenolic  Reeln) 

Low  oondnctirlty 

2.  Carenlea  (ZrOa,  A1_0,, 
Porona  SIC)  3 

Higher  tanperetare 

Unite  tion 

Load-Bearing 

1.  Steele 

2.  Tltenlnm  Alloya 

3*  Soper^Alloya  (Udhnet, 
Baatelloy) 

1*.  W-Co  Alloya 

Strength  et  elevated 
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TABLE  Z 

ura  or  mansnuL  pmhbi  uu  ra  nmi  mibuu 


Hatarlal 

»7Pa 

k,WU1 

T^Bw 

°>*iSr 

'w 

■alt 

2olat,*F 

Bafi - 1- 

Tnafataa 

no-58 

TO-3500 

0.03-0.05 

o-65oo 

1205 

6170 

14 

Tank  tin  teafatea 

»01a-10ir 

32.7-13,1 

2600-5300 

a.  a. 

... 

1050 

5500 

8,  BUaffar- 

. . . 

8440 

0.063-0.125 

100  6100 

633 

6750 

7— ml  Ce. 

6 

lafaiaa  OarfeUa 

5.3-5 

585-1686 

0.055-.072 

500-5000 

760 

7030 

5 

Taatalaa  CaiWAa 

16.6-31.8 

533-6160 

0.05-0.062 

5004500 

833 

mo 

5 

Tltanlaa  CaiMAa 

15.65  daaaa 

15-2.8 

30-2.8 

0.16-0.22 

70-2000 

306 

5860 

3,6 

Ik  ratal  aa  CaitdAa 

18.3-20 

100-6300 

0.031-0.170 

5004500 

617 

6386 

5 

drafhlta 

am 

50-8 

670-5000 

0.17-0.5 

80-3200 

108 

6600** 

5, Bail  coal  Cartea  Co, 

R-Sooa 

120-26.5 

70-3500 

0.2-0.5 

TO-3SOO 

127 

6600** 

Batlaaal  Caitea  Co. 

Pyrolytic 
(«lkh  train) 

23S-1J4 

70-750 

0.13-0.30 

70-750 

160 

6600** 

■aytteoa  Oo. 

(a«alaat) 

trala) 

2.06-0.176 

70-1670 

0.12-0.315 

704670 

160 

6600** 

Baythaaa  Co. 

■aryllla  IkUa 

KSAaaaa 

46-9.6 

6004550 

0.25-0.6BS 

854600 

173 

6620 

3 

Bara  OarMBa 

70.S-37.5 

212-1232 

OJi27-0.581 

80-2600 

156 

U.ln 

3 

iatralika 
(Bafraall  Phtdllai 

1  120B. 

0.208-0.658 

0-3000 

0.2-0.275 

0-3000 

102 

3000* 

7 

Aabaatoa  PhulU 

U61-1T9 

0.167-0.258 

100400 

0.137-0.36 

Vtft  frflp 

108 

3000* 

Bate  Haarllla  Co. 

Zlroflalaa  IBMa 

Bactaa  T 

0.605-0.662 

8004600** 

0.175 

804550 

ICO 

66(0 

Bait  at  Co. 

llaaitea  OalAa  51.  Jj  daaaa 

3. 6-1. 6 

604620 

0.10-0.186 

68-3270 

125 

3700 

6.  1 

SUloca  CaihlBa 

JOB  Aaaaa 

1*5-2 

8004300 

0.16-0.318 

704250 

60 

6000  ] 

L,  Caiteratea  Co. 

Steal 

1030 

21.7 

70 

0.107 

70 

683.6 

700* 

3 

laaaaal  * 

7.76-16.7 

68-1200 

0.110-0065 

684200 

187 

10004500 

lataraatlaaal 

Tltenho  Allay 

SljSS” 

6.3-11.3 

604600 

0.134.207 

10043)50 

286 

300* 

Hotel  Co. 

1 

•  at  room  ta^arikari 
*  aonuakaa 

*  Brian  alloaahl. 


L  >—l  frwrtln  af  Ogrtate  IMbUXi.  MOO  BUI  III  f  1111,1,  2  Winy  1357. 

2,  I.  Tarter,  taM  Baflaaterkaa,  BMOB  W»  (1M5  682),  M  tafMk  1355. 

J»  Banter  1—kteoA.  Tol.  J,  Sootloa  1,  ABC,  ferah  IKS. 

IggMM  ft  Bom  Material!.  MUD  78-58476,  Qatetar  IK*. 


k.  A.  B.  DoUnllk  mi  T.  B.  HaV 


Sa  B.  B.  Baal,  C.  B.  Paara,  aat  8.  OfLaaty,  ir.,  H 
ar  Bali  Dcatraaktea  Twilaraa,  HUD  BHD, 

6.  A.  B.  OalBmth  an  T.  B.  fe 
i  1360. 


.  BawrMaa  af  Tklrteaa  BallA  Ifcterlala  te  jaog 
lU  fawi  Balaam  Qaaf ). 


Ha— oohrateal  Proaartlaa  af  BallA  Ifcterlala.  WO  IB-584T6,  Barlaat, 
7.  H.  L  Day  Ca^ate  latter  te  A.  Q.  Hamath,  Aarajat  Oaaaral  Corpora  tlaa,  IB  Aagaat  USB. 


3.  Boll!  tea  In  Paolo 


iarojat-Oaaaral  Ooiporatlca,  iapak  IfSTa 
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TABLE  3 


REPRESENTATIVE  MATERIAL  PROPERTIES  OF  OTERBHCB-STSTM  MATERIALS 


Material 

k,  Btu/hr-ft-’F 

Pc^t  Btu/cu  ft-*F 

Limiting  Temp.  *F 

Tungsten 

60.0 

ia.3 

6100 

Asbestos 

Phenolic 

0.258 

1*1.9 

3000 

Steel 

23.7 

52.1* 

700 

TABLE  4 

REPRESENTATIVE  MATERIAL  PROPERTIES  OF  HEAT  SINKS 

Material 

k  ,Btu/hr-ft-*F 

/cn,  Btu/cu  ft-*F 

Limiting  Temp.  *F 

ATJ  Graphite 

51*6 

25.0* 

la.  8 

6600 

Pyrolytic 

Graphite** 

1SU 

67.2 

6600 

Boron  Carbide 

1*0 

78.0 

10*00 

Beryllium 

Oxide 

25 

72.3 

**500 

*  second  value  of  conductivity  chosen  for  comparison  with  BeO. 

**  oriented  so  that  highest  conductivity  is  In  the  radial  direction* 
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TABLE  5 


LOCATION  OF  THERMOCOUPLES 


Tungaten 

Throat 

Thickneae.in. 

g 

Thermo¬ 

couple 

Ho. 

Thermo¬ 
couple 
Tjrpe  * 

Relative 

Angular 

Location 

Radial  Liatanea 
From  Hoaale 

Asia,  In. 

Material 
in  Which 

Located 

1 

1 

m 

WHE 

0* 

2 

PPR 

to 

07792 - 

3 

WH 

120 

ITT77 - 

1  Tuntater. 

— i — 

PPR  " 

1» 

1.321 

!  Tuncaten 

— 

rra 

- TT502 - 
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0.60 
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0 
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GA 
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Figure  1:  Minumum  Nozzle  Weight  for  Tungsten-Asbestos  Phenolic -Steel 


Figure  2:  Minimum  Nozzle  Weight  for  Various  Chamber  Pressures 


Figure  3:  Minimum  Nossle  Weight  for  Various  Gas  Temperatures 


Ttomt  V«i||M/Dkd.t  Length,  lb/in 


Figure  4:  Minimum  Nozzle  Weight  for  Various  Throat  Diameters 


Figure  5:  Optimum  Nozzle  Duration  for  Several  Design  Variables 
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Figure  6:  Nozzle  Duration  Capability  for  Constant  Weight 


Figure  8:  Effect  of  Radius  of  Curvature  of  Throat  Upon  Throat  Temperature 


50 


Mottle  Axl« 


Location  of  Termer*  turee 


a.  throat  radios  of  eureature  n  + 
throat  radiua  s  ’’ 


Mottle  Axle 


Location  of  Teaiperaterea 


Figure  9:  Nozzle  Modelt  Uted  for  Calculation  of  Effect  of  Throat 

Radius  of  Curvature 
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Figure  10:  Effect  of  Thermophyaical  Properties  Upon  Optimum  Duration 
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Figure  11:  Effect  of  Thermophysical  Properties  Upon  Duration 

for  Constant  Weight  Systems 


Figure  12:  Effect  of  Maximum  Allowable  Material  Temperature 

Upon  Nozzle  Weight  and  Duration 


Dorstlok 


Piaaaaloalaeo  Tm— ratmr*  bile 


Figure  13:  Effect  of  Dimenaionleaa  T*mn»  rafnr»  Batin  Upon  Optimum  Duration 
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Figure  15:  Effect  of  Heat-Sink  Thermophysical  Properties  Upon  Duration 
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Figure  17:  Effect  of  Thermal  Conductivity  Errors  Upon 
Insulated  Surface  Temperature 


Tice,  seeends 


Figure  18:  Comparison  of  Temperature  Distributions  Calculated 
by  Using  Constant  and  Variable  Thermal  Properties 
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Figure  19:  Conceptual  Design  of  Nozzle  Utilising  Pyrolytic  Graphite 


Figure  21:  Test  Nozzle  Designs 


Figure  23:  Typical  Aft  Closure  Assembly  Before  Firing 
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«.  1.90  -  IN.  -  MA  NOZZLE 


e.  0.M  -  IN.  -  WA  NOZZLE 


{  :  ^  SY4 


'l?  > 


••  0.30  -  IN.  -  DIA  NOZZLE 


Figure  Z4:  Poetfiring  Photographs  of  Nozzle  Exits 


Throat  Diai 


Figure  31:  Shadowgraph  of  Test  No, 
Nossle  Insert 


Figure  37:  Shadowgraph  of  Test  No 
Nor.r.le  Insert 
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Figure  40:  Shadowgraph  of  Test  No 
Nozzle  Insert 


Figure  42:  Entrance  Section  of  Test  No.  2  Nozzle  Insert  After  Firing 


Figure  45:  Comparison  of  Temperatures  Based  on  One-  and  Two- 

Dimensional  Heat  Transfer  Calculations  for  Test  Nozzle  No.  1 
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CALCULATION  OF  HEAT  TRANSFER  COEFFICIENTS 

The  equation  used  to  calculate  nozzle  heat  transfer  coefficients  was 
based  on  the  equation  for  turbulent  flow  in  a  pipe  (Reference  1): 

.  n  nr0-8  CJ1  04 

!£_  =  0. 023  (££)  hj£_)  (1) 

Although  flow  in  straight  pipes  differs  considerably  from  nozzle  flow,  because 
of  the  more  fully  developed  boundary  layer  in  pipe  flow.  Equation  (1)  adequately 
describes  the  nozzle  heat  transfer  coefficient  (References  2,  3). 

Considering  that 


G  = 


4W 

irD2 


and 


W  =  c  A„P 
w  t  c 


Equation  (1)  reduces  to 


h  =  0.  023 


<w°V6 

- ^TT8 - 


C  °-4k0-6 

~-E — u~r~ 


(2) 

(3) 


In  aluminized  polyurethane  propellants,  cw  usually  varies  between  22.  7 
and  24  lbm/lbf-hr.  In  addition,  the  transport  properties  of  10  polymethane 
propellants  with  combustion  temperatures  between  4600  and  5500*F  were 

C  0,4k0,6 

examined,  and  the  product  — P  q  ^ —  was  found,  for  all  of  the  propellants, 

to  be  within  5%  of  the  average  value  (Reference  4).  This  product  was  also 
found  to  decrease,  as  shown  in  Figure  1,  in  the  supersonic  portion  of  the 
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nozzle.  For  propellants  with  higher  combustion  temperatures,  this  product 
of  the  transport  properties  will  probably  be  slightly  higher,  but  the  difference 
will  not  have  any  significant  effect  on  any  but  the  most  precise  heat  transfer 
calculations . 


Equation  (4)  then  reduces  to 


h  =  24. 7 


P  °- v 
c  t 

.1.8 


4.  0.  6 
k 


pi  0.4 


(5) 


This  equation  may  be  used  to  calculate  heat  transfer  coefficients  along  the 
nozzle  wall.  For  calculation  of  throat  heat  transfer  coefficients,  Equation  (5) 
may  be  further  reduced  to 


h  =  8.95 


(6) 


The  heat  transfer  coefficient  at  the  throat  is  then  expressed  as  a  function 
only  of  chamber  pressure  and  throat  diameter,  as  is  shown  in  Figure  2. 
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NOMENCLATURE 


Throat  area,  in. 

Cp  Specific  heat,  Btu/lb-’F 

cw  Mass  flow  coefficient,  lbm/lbf-hr 

D  Diameter,  ft 

D^,  Throat  diameter,  ft 

d  Diameter,  in. 

dt  Throat  diameter,  in. 

G  Mass  flow  rate,  lb /ft ^ -hr 

h  Heat  transfer  coefficient,  - « - 

hr-ft  -*F 

k  Thermal  conductivity,  i p — 

Pc  Chamber  pressure,  psi 

W  Weight  flow,  lbm/hr 

(X  Viscosity  lbm/ft-hr 
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r efficient  as  a  Function 

.«•  *-  ThI“*  DUm'“, 
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TABULATION  OF  IBM  OUTPUTS 

All  the  computer  runs  that  resulted  in  temperature  histories  of  nozzle 
material  systems  are  tabulated  in  the  following  pages.  The  cases  are  grouped 
by  the  variables  which  were  changed  for  each  run.  A  pressure  change  is 
reflected  by  a  change  in  heat  transfer  coefficient.  Where  one  set  of  tempera¬ 
tures  is  listed  for  a  case,  the  time  chosen  is  nearly  always  the  time  (usually 
to  the  nearest  second)  at  which  the  maximum  allowable  flame  barrier,  heat¬ 
sink,  or  insulator  temperature  was  reached,  or,  with  very  long  durations,  the 
time  the  computer  was  stopped.  In  some  cases,  two  durations  are  shown.  The 
other  duration  represents  the  time  when  the  maximum  allowable  flame  barrier 
temperature  was  reached,  even  though  the  limiting  insulator  temperature  was 
exceeded.  For  some  four-material  systems,  weights  were  not  calculated 
because  it  was  decided  not  to  represent  these  systems  on  a  weight  basis. 
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WADO  THERMAL  OPTIMIZATION  OF  N02ZLE  MATERIAL  SYSTEMS-C.M.GRACEY  DEPT  4710 


NOMENCLATURE 


HTC  -HEAT  TRANSFER  COEFFICIENT  »BTU/HR.SQ.FT.F« 
T6  -GAS  TEMPERATURE. Ft _ 


T 1  -SURFACE  TEMPERATURE *F. 

11 _ -INTERFACE  IgMEEgAIUBE-ISlMEEll  HAT-1  ANP  MAT-liFt 

T J  -INTERFACE  TEMPERATURE  BETWEEN  MAT-2  AND  MAT-3»F. 

T4  -INTERFACE  TEMPERATURE  BETWEEN  MAT-3  AND  MAT-4. F. 

T9  -INTERFACE  TEMPERATURE  BETWEEN  MAT-4  AND  MAT-3.F. 

PUR  -DURATION* SEC* _ 


-WEIGHT  PER  AXIAL  DISTANCE.LB./IN. 

"j1?*!****.1  -e--i^y*c§h^KItI* 


WT 

T - hHATEBI  K  "TRfmr  gSWSuH  f 1  v  l  tv .  a  tu/HR  *  FT  J 

c  -material  specific  H£AT*BTU/LB«F _ 

TS  MATERIAL  MAXIMUM  ALLOWABLE  TEMPERATURE 
MAT-1  -THICKNESS  OF  MATERIAL  N0«1*1N« _ 


MAT-2  -THICKNESS  OF  MATERIAL  N0.2* IN. 
MAT-3  -THICKNESS  OF  MATERIAL  MO.l.IN* 


_ -THICKNESS  OF  MATERIAL  NQ.I. 

MAT-4  -THICKNESS  OF  MATERIAL  N0«4* 
MAT-5  -THICKNESS  OF  MATERIAL  NO* 3. IN. 


IN. 


MATERIAL  THERMPPHYSICAL  PROPERTIES  IUNLESS  OTHERWISE  SPECIFIED) 


material 

K 

C 

p 

TM  - 

*  -j  i.'i  i_* 

.344 

AT J  GRAPHITE 

91.4 

.347 

107.9 

4400- 

BERYLLIUM  OXIDE 

29. 

•  420 

172. 

4900 

BORON  CARBIOE 

40. 

.900 

196. 

4400- 

PYRO  GRAPHITE 

.176 

.460 

140. 

44AQ 

PYRO  GRAPHITE 

194. 

•  440 

140. 

4400- 

6.7 

.064 

199. 

7000 

TITANIUM  CARBIOE 

4.9 

•290 

304. 

3600- 

1 1  it— 

40. 

4100 

4130  STEEL 

23.7 

•  107 

449.4 

700  - 

ZIRCONIUM  OXIDE _ ilJUt _ UOQ _ 244* - 4*00 


CASE  P1A  HTC  TG  MAT-1  MAT-2  MAT-3  MAT-4  T1 _ II _ II _ I± _ BUB _ *1 - 

TUNGSTEN  -  ASBESTOS  -  4130  STEEL _ 

A— 1A  4.000  1700  7000  1.149  0.279  0.290  9394  2977  SO  14  14.74- 

4-2A  4.000  1700  7000  3.000  0.2S0  0.230 _ 41114  3 114  311 _ 1AB _ ±1*44 

4-3A  4.000  1700  7000  3.000  0.200  0.290  6091  >013  244  94  47,44- 

4— 4A  4.000  1700  7000  1.169  0.200  0.250 _ 9334  Mil  S2 _ 14 - 14*41 

6- IB  4.000  1700  7000  3.390  0.290  0.290  6109  3010  374  120  93.44" 

6-1C  4.000  1700  7000  3.390  0.200  0.250 _ 410.9  3020  1211 - 120 - 94*91 

6-ID  4.000  1700  7000  1.490  0.110  0.290  9649  2944  1039  30  21.72' 

6- IE.  4.000  1700  7000  2.230  0*130-0.290 _ 3474  2939  1270 - 42 - 12*14 

6-1F  4.000  1700  7000  4.900  0.200  0.290  4099  2249  991  140  44.92' 

6-16  4.000  1700  7000  2.910  0.200  0.290 _ 4031  3004  942 - 2fl - AlalflL 

6-1H  4.000  1700  7000  4.190  0.200  0.290  4099  2444  1191  190  73.32- 


6-1 J  4.000  690  7000  3.390  0.200  0.290  9262  3014  1691  169  33.37- 

6-2J  4.000  690  7000  3.900  0.292  0.230 _ 3310  3J0.Q.JJ3.Q _ ±14 - lli*i 

4-3J  4.000  690  7000  2.000  0.100  0.290  4460  2993  943  66  27.96- 

6-4J  4.000  650  7000  1.000  0.100  0.290 _ 4320  3037  199 _ 21 _ 11*12 

6-9J  4.000  690  7000  2.900  0.190  0.290  3090  3019  474  94  34.96- 

6-lX  4.000  1120  7000  3.000  0.200  0.290 _ 9703  2994  324 _ IAA _ 47*44 
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mm 
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ITWol 
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nvm 
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4109 

rrm 
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■Tmi 
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4104 

1479 
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141*3 

IW-TSM-M 

iwm 
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HwTTiMiS, 

fS^BTTTB 

2973 
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■  mTi 
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24.00 
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4100 
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1204 

94 

155*4 
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1  T.M 

1  iiWiWTTtWH 
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rrm 
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52 
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mm 

rnTTi 
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■uni 
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9923 

2994 

994 

34 
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mm 
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rrm 
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20 
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14 
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IVTTT1 
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213 

24 

wnn\m 

0-1P 

4.000 

1700  6900 

4.000 
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0.290 

5090 

9000 

2290 

419 

132*1 

4-2* 

rroi 

ItTTmTTTWWTTl 

rrm 

BTTTV1 
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4.000 

1700  6900 
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9400 

3014 

1797 
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30*25 
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34 
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41 

14*19 
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2994 
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97 
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4-40 
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9004 
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1700  7900 

iau 

0.190 

0*290 
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3003 
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T*I  1 1 
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1700  7900 
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91 

99 

72*93 

4011 

2904 
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30 

■TnTl 

4-40 

4.000 

1700  7900 
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0*199 

0.290 

6104 

2377 

994 

49 

32*19 

4-10 

12*00 

1940  7000 

9*190 

0*170 

0.290 

6099 

9019 

1244 

90 

100*3 

mm 

1940  7000 

A  X 

3904 

IM9 

AA2 

99 

01.33 

4-90 

12*00 

1940  7000 

1*900 
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0.290 

3474 

9019 

199 

24 

44*01 

4102 

1791 

319 

_ 111- 

■T7W1 

4-90 

12.00 

1940  7000 

9*290 
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6077 

2991 
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U| 
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ITTO1 

4104 

2AM  AM 
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4100 
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110 
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6-3U  1*000  1400  7000  1*900  0*079  0*290 
6«4U  0*000  1400  7000  2.790  0.190  0*250 
4-3U  0*000  1400  7000  4.000  0*190  0*290 
6-011  1*000  1400  7000  3*900  0*200  0*290 
6-1*  10*00  1240  7000  3*390  0.200  0*290 
4-2*  10.00  1240  7000  2.000  0.190  0.290 
6-3*  10*00  1240  7000  1.900  0*190  0*290 
6t4M  .Hiflfl  1260  Iflflfl  4.QQ0  0*130  0*290 
4-5*  10*00  1240  7000  3*790  0.190  0*290 
6-6M .  II  ■  PQ  1260  Iflflfl  3*300  fl*21fl  0*290 
6-7*  16*00  1240  7000  2*790  0*100  0*290 


9923 

-UAL 


Jill 


291 

32L 


6099 

.4091- 


2437  427 
2107  211 


6067 

9111 


3020  216 

2916  ill 


9317 

-4101. 


2993  113 
1190  442 


6101 

-4011 


2142  479 
1111-10 


9923  2996  929 


24 

-22- 


33*01 

66*41 


121 

107 


102*4  — 
14.21 


99 

-3A. 


190*0  — 
0*11 


24 


42*14  — 


Hi _ UI*1 

119  174.2  — 

104  147*2 

69  127.2  — 


6-1Z  4.733  1210  7000  3.000  0*190  0*290  9614  2996  449 

_ 4-91  4*733  1216  7000  3.300  0.120  0.290 _ 9111  1007  .7.41 _ 

6-1224*733  1210  7000  3*200  0*120  0.290  9649  3012  712 

_ 6-1324*733  1210  7000  3.220  0.130  0.290 _ Si4I_4AQfl_4ftl 

6-22  4*700  619  7000  2.000  0.120  0.290  4692  3023  402 

_ 4-41  4.700  615  7000  2.790  0.200  0.230 _ 3193  2992  114 _ 

6-1124*700  619  7000  2*000  0*190  0*290  9174  2997  906 

_ 4-1424.700  613  7000  2.073  0.130  0.250 _ 5193  2944  324 

4-92  9*610  304  7000  1*000  0*100  0*290  3742  2900  314 

4-71-9.610  304  7000  2.000  0*200  0.290 _ 4240-3001  211 _ 

4-1029*610  304  7000  2.500  0.150  0*250  4419  2994  604 

-  _ 4-1929-410  304  7000  2,600  0.140  0.230 _  4443  2947  494 

6-42  11*00  209  7000  0*790  0*100  0*250  3444  9009  990 

_ 4-1  11-44  203  7000  1.300  0-300  0.230 _ 4749  4007  211 _ 

6-92  11*00  205  7000  2.000  0*130  0.250  3949  3009  993 

TUNGST  EN-ASBESTOS-T I TAN1UM 

—  4-.2Y.  4.000-1200.  .7000.  3*600.0*040  0*250 _ 4099- -2779  .1031 _ 

TUNGSTEN- ASBESTOS-TUNGSTEN 

4-1Y  4.000  17QQ  TQM  3.0Q0  0.079  0.290 _ 4051  9004  1143 _ 

TUNGSTEN-ATJ  G0APHITE-TUNGSTEN 

_ 6=44.4*000.-1.100  1000  1.000  2*000  .0-23X1 _ _ 6101  4440  212 


101  52.10  — 

123 _ 39-29 

114  54.24  — 

112 _ 31.24 

61  39.74  — 

104  *0-42 

107  59.01  — 

112 _ 51.93 

34  25*40  — 

II  32.79 

123  66*21  — 

III  _ 47-94 

34  23.491— 

11 _ 44-74. 

115  63*10  — 

121 _ 61.90 


31 _ 30.33 

109 _ 19.09 


— -  TUNGSTEN- ASBESTOS -4 130  STEEL _ 

10- A  4.000  1700  6000  0*940  0*142  0*230  6116  3040  03  19  11*50  — 

_ 10=1  4.Q0Q  1200  Iflflfl  2.222  .0.131  Q.25Q _ 6109  3114  .403 _ 22 _ 31.60 

11—  A  4.000  1700  0000  0.500  0*112  0.250  6160  4970  09  6*75  4*26  — 

_ 11-1  »t POO  llflfl  Iflflfl  1.129  1x116  a.23Q _ 6113  4004  366 _ 30 _ 13.90 

13-A  4*000  1700  0000  0.020  0*115  0.290  5560  3090  06  0  10*14 — 

_ JLir  4_4  .  QOQ.  2  320Llflflfl_lafl22-fl  i56I_.fi  .230 _ 6100.2401.110 _ 9  12.60. 

21- B  4*000  2330  6000  0.632  0*049  0*250  5541  2771  122  4  7*53  — 

22- A  4.000  630  4300  1.522  0.146  0.290 _ 4441  3020  234 _ 46 _ Hall 

22- 8  4.000  650  6500  3.500  0*100  0*290  5019  2900  1940  200  90.40— 

_ 22-C  4.000  650  4500  0.4?0  0.053  0.230 _ 3171  3107  220 _ 6  .  1*41 

23- C  4.000  650  6000  6.000  0.353  0.250  4332  924  125  290  161.9 — 

29— A  24*00  1470  6000  1* »9  fltSQl  0t250 _ _ 14 _ 71.20 

23-B  4*000  2390  6000  1.015  0.065  0*250  6110  2737  139  0*75  12.33— 

TUNGSTEN- ASBESTOS (K»0. 060 »C»0. 1161-4130  STEEL _ 

1—  A  4.000  1700  7000  3*350  0.194  0*250  6094  3001  170  103  53.31— 

2—  A  4.000  1700  7000  1.450  0.040  0*250  .  6005  2999  665  . .  11.4. _ 21*40. 

TUNGSTEN-ASBESTOS I C»0. U4 1-4130  STEEL 

_ 3 -A  4.000  1700  7000  3.390  0*402  0.230 _ 6094 . 2994.  .20.7.. ..... , _ 115 _ 55.07 

TUNGSTEN-ASBESTOS(K»1»500*C*0. 1161-4130  STEEL 


4— A  4.000  1700  7000  3.350  0*972  0.250 _ 6114  2919  341 _ 123 _ 31*47 

4— B  4.000  1700  7000  1.690  0.406  0.250  5664  2900  254  31  22.47 

4— C  4.000  1700  7000  2.250  0.490  0.250  _ 3147  3001  243 _ 34 _ 33*64. 
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4- D  4*000  1700  7000  2*910  0*942  0*290  *042  2994  Sit 

THMfi*T gtU*ABE*TO*  Ilf  1.1001  -41*0  ITtgl _ 

5- A  4*000  1700  7000  3*S30  0.530  0.230  *140  2993  992 

3-B  4.000  170Q  7000  1.130  0.275  0.230 _ 34B4  MM  *70 

5-C  4.000  1700  7000  2*250  0*395  0.250  5911  2**5  399 

■i-0  4.QQQ  1700  70Qil  2*910  0*473  0.290 _ *04*  2142  494 

TUNGSTEN  (  K  -  10*0  I-ASBESTOS-41SO  STEEL 


_ 20-9  4.000  1700  7000  0.437  0.047  0.250 _ 

20-E  4.000  1700  7000  1*1*5  0*200  0*250 

_ LL-f._4.«.fl00  17-0.0  7000  2«iaO  Q»lSfl-flt230 _ 

17-M  4.000  1700  7000  2*250  0*150  0*250 

_ TUNGSTEN! K«20* l-ASBESTQS-4130  STEEL _ 

20-M  4.000  1700  7000  1.1*5  0*100  0.250 
_ 17— M  4.000  1700  7000  2.230  0.150  Q.2SO _ 

TUNGSTEN! K»23*)-A99E$T0S-4130  STEEL 

- 20-1  4*000  1700  7000  1.1*5  0.100  0.230 _ 

TUNGSTEN  (  K  ■  30*0  )-ASBESTOS-4130  STEEL 

_ 2Q-A  .4*000  17QQ  7000  1.471  0.111  O.Mfl _ 

20-F  4.000  1700  7000  1.1*5  0*200  0*250 

_ 17-0-4.000  1700  7000  2.230  0.130  0.250 _ 

TUNGSTEN!  K-50*  > -ASBESTOS **4 ISO  STEEL 

_ 20-D  4.000  1700  7000  1.1*3  0.200  0.25P _ 

17-E  4*000  1700  7000  2*250  0*150  0*250 

_ TUNGSTEN! K«90*)-ASBeSTOS-41SO  STEEL _ 

20-K  4.000  1700  7000  1*1*5  0*100  0.250 

- 17-J  4.000  1700  7000  2.250  0.150  0.230 _ 

17-J  4.000  1700  7000  2*250  0.150  0.250 

_ TUNGSTEN! Ka20**C*0 *0*93! -ASBESTOS-4130  STEEL 

17-A  4.000  1700  7000  2.250  0*150  0.250 

_ 20-J  4.000  1700  7000  1.1*9  0.150  0.230 

TUNGSTEN! K-30. 0.00 .0*33) -ASBESTOS-41 30  STEEL 


TUNGS TEN lK*5Q.*C-0 *0*5 3 ) -ASBESTOS-4130  STEEL 
17-8  4*000  1700  7000  2*250  0*150  0.290 

20-H  4«J0Q  1700  7000  1*149  0*150  0.230 _ 

TUNGSTEN! K-90.0.C-0*0«99)-ASBESTOS-4130  STEEL 


*1<»  1414  141 
*105  1*23  90 

tlfll  10 _ UL 

*104  90  90 


*102  2044  147 
4097  111!  11 

*093  27B7  92 

4103  2724  22 2 
5999  2993  90 

4104  1334  132 

3542  294*  13 
*020  2999  279 


5095  30*5  132 
3410  29B*  197 
6094  4301  499 


6100  302  94 

*102  2093  149 


mi  mi 


*103  15*2  212 


*013  2994  509 
3542  3019  147 


17-6  4.000  1700  7000  2.230  0.130  0.230 


20-N  4*000  1700  7000  1*1*5  0*150  0.250 


3403  2914  344 


-JUNGS  TEN!  K*llfl*Q»  OO  *0931  > -ASBESTOS-4130  STEEL 


50*3  3025  120 


17-N  4.000  1700  7000  2*250  0*150  0.250 

Q- 


m  hb  m  i:m  m  i*\ 


»17-K  44000  1140  7000  2.230  4*134  -0.230 


5295  3012  304 

m  m  w 

*093  *423  379 


4 


TUNGSTEN! K -ISO. O.C-O. 0*53) -ASBESTOS-41 30  STEEL 


17-0  4*000  1700  7000  2.250  0.150  0.250 


17-0  4.000  1700  7000  2*250  0*150  0*250 
SsTl7-l  4jl£.QQ  17QQ  709.9  ItEgfl-PlTFE 


-4940  299*  234 


“  17-L  4.000  1700  7000  2*250  0*150  0.250 


*104  5199  1229 

T8H  2171  HU 


*095  51*9  *54 


99  47*19 


135  5«*22 

JL3 _ 22.04 

*1  32*72 

1A1 _ 44*14. 

I  _ 5.34 

II  14.*1 

10 _ 32.19 

29  32*19 


29  14*43 

24 _ 32*14 


29  14*41 

12 _ 14*94 

29  14.41 

11 _ 32.19 

1* _ 14*41- 

*2  32*19 


14  14*43 

14 _ 32*14 

73  32*19 


52  32*19 

14 _ 14*32 


II 

94 


11*41 


*9.97 


113  32*19 

13 _ 14.44 

40 _ 32*14. 

25  14*52 


**  52*19 

vi.g 

34  32*19 

12 - 92*14 

33 _ 32*14. 

129  32*19 

IT  12.11 

70  32*19 


tUNGSTEN-ZRO-4130  STEEL 
7-1A  0*700  1310  * 197  1*2 Oft 
7-2A  0*700  1310  *197  0*060 
7-3A  0.700  1310  *197  1 .000 

7 -4 A  0.700  1310  *197  0.900 
"7-48  "C.700  1310  6117' O.fCF 
7-SA  0.700  1310  *197  0.600 


(MENM  MOTOR 
Q.450  0.25Q 
6.300  0.250 
0.345  0.250 
0. 35S- 0.256 
0.375  0.230 


DESIGN  DATA) 

4*00.  924.. 


6.219  0.256 
0.31*  0.250 


49*2  4743  90 
3274  4595  929 
W«0i»4f 
3219  4591  509 
WWTJT 

51*2  4*12  23* 


..1.94 _ 4*97. 

4  0.43 

74  4*93 

~74 

49 

TT 


W 

3.77 

T7ST 

2.62 
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7-58  0.700  1310  6117  0.600  0.226  0.290 
7 «21  0*30 UUft  6187  0.690  0.290  0.290 
7-4B  0.700  1310  61*7  0.490  0.179  0.290 
1-71  0*700  1110  6117  .0.300  0.300  0.290 
7-78  0.700  1310  6197  0.300  0.191  0.290 
7-BA  0.7Q0  1310  4117  0.150  0.110  0.250 
7-88  0.700  1310  6197  0.190  0.082  0.290 
7-4C  0.700  1310  9600  0.100  0.303  0.119 
7-9C  0.700  1310  9600  0.600  0.238  0.119 
7-6C  0.700  1310  9600  0.490  0.183  0.119 
7-7C  0.700  1910  9600  0.300  0*199  0.119 
7-0C  0.700  1310  9600  0.190  0.199  0.230 


9169  4629  809 
6040  6818  191 


90 

-18- 


2.47 

■-U8J- 


9097  4922  798  18 

6983  2222  29 _ 10- 


4999  4210  818  10 

mi  too _ o_ 


4847  4202  844  4 

muiii  on _ 20. 

4999  4999  949 42 

4102  4*11112 _ 2ft- 


1.74 

1.13 


0*89 

fttlt 

1*47 


4840  4989  911  14  0*92 

47»  4217  101 _ ft _ 0*47 


27-A  4.000  2390  9000  0.969  0.097  0.250 

6640 

4914 

249 

8 

1.92 

TITANIUM  CARBIDE  -  ASBESTOS  -  4130 

STEEL 

24-A  4.000  650  4000  1.417  0.386  0.290 

5509 

1081 

102 

200 

4.54 

24-8  4.000  650  6000  0.998  0.290  0.250 

5958 

2395 

947 

260 

4.20 

B-A  4.000  1700  7000  0.140  0.040  0.750 

_ 5655 

1918 

94 

3 

Ull 

TITANIUM  CARBIDE-ASBESTOS! K-1.500.C'  0.1161-4190  STEEL 

7-A  4.000  1700  7000  0.140  0.177  0.250 

5648 

184* 

114 

3 

1.16 

TITANIUM  CARBIDE-ASBESTOS! C .0.1181-4190 

STEEL 

14— A  4.000  1700  7000  0.140  0.097  0.250 

5412 

1012 

1*2 

3 

1  aM 

T I  TAN IUM  CARBI DE-ASBESTOS  <  K»1 .500 ) -4130 

STEEL 

15— A  4.000  1700  7000  0.140  0.074  0.250 

5446 

2072 

91 

3 

1  a4I 

TITANIUM  CARBIDE  (  K  •  15.0  l-ASBESTOS- 

4130  STEEL 

14— B  4.000  1700  7000  0.465  6,.  100  6.250 

5656 

1968 

345 

11 

2.49 

15-B  4.000  1700  7000  0.675  0.092  0.250 

6105 

2795 

175 

27 

9.14 

15-C  4.000  1700  7000  0.650  0.050  0.250 

6093 

2792 

446 

26 

2.99 

TITANIUM  CARBIOE  IK-  20.0  I-ASBESTQS-4130  STEEL 

24-C  4.000  1700  7000  0.927  0.129  0.250 

6100 

2784 

196 

39 

4.11 

24-E  4,000  1700.,  7000  .0,900,  .9.075  .fl. .2.50 

6094 

iWL 

.AM _ 

_ 91 _ 

9  ill 

TITANIUM  CARBIDE  (  K  -  30.0  )-ASBEST0S- 

4130  STEEL 

14— C  4.000  1700  7000  lj47J  158  0.29Q 

6101 

2119 

258 

29 

6.97 

14-0  4.000  1700  7000  1.450  0.120  0.250 

6106 

2886 

998 

69 

6.21 

TITANIUM  CARBIDE  (  K  -  50.0  I-ASBESTOS-4130  STEEL 

24-0  4.000  1700  7000  2.727  0.213  0.250 

6100 

2*90 

422 

1*9 

12**2 

24— F  4.000  1700  7000  2.700  0,200  0.250 

_ 6102 

2922 

4ft| _ 

_ 197 

12.28 

TANTALUM  CARBIDE-ASBESTOS-4130  STEEL 

25— A  4.000  2390  8000  0.226  0.043  0.250 

7052 

2950 

144 

4 

2.27 

25-8  4.000  690  6000  0.464  0.096  0.250 

5125 

9014 

279 

30 

5.92 

25-C  4.000  6io 7000  0.296  0.056  0.250 

5222 

9044 

182 

8.29 

1.29 

29-J  4.000  690  6000  0*800  4.150  0.290 

3412. 

.2111- 

-914 _ 

_ 12 _ 

.  7ai 

TANTALUM  CARBIDE  <  K  -  20.0  J -ASBESTOS-4190  STEEL 

29-0  4.000  1700  7000  0.927  0.101  0.290 _ ftlfll  2121  1«4 _ 21 _ 10.49 

TAMTALUM  CARBIDE  (A  ■  39.0  )-AS8EST0S-4130  STEEL 

29-F  4.000  1700  7000  1.764  0.188  0.290 _ ft  101  2121  -222 _ 1ft - 19.72 

«-H  4.000  1700  7000  1.690  0.100  0.290  6109  3004  418  93  17.11 

TANTALUM  CARB10E  (  K  ■  90.0  I-ASBESTQS-4190  STEEL  _ 

29-E  4.000  1700  7000  2.730  0.168  6.290  6090  2832  362  100  94.99 

TANTALUM  CARBIDE  (  jC  •  70.0  )-A*2ESTQS-4130  STEEL _ 

25-0  4.000  1700  7000  4.210  0.201  0.290  6102  2970  600  199  99.29 


ATJ  filA9HITE-Ai8EiTos-4lio' sTRl - 

26— A  4.000  2390  8000  1.194  0.012  0.290 _ 6712  2746  133 _ 16  2.73 
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24-0  4, 
2>-C-*.l 


000 

OOP 


0*770  0*047  0*250 
5.477  0.124  flijftfl 


* 

_210_ 


2*11 

>4.40 


24-0  4 
24-E  4 


000 

t8W 


450  4000 
1700  7000 


2*000  0*100  0*250 
2*000  0.200  0.250 


4559  >000  742  09  4*99 

5924  9004  197 _ 12 4.iA- 


24 -9  4 
24-0  4 


000 

AAA 


1*000  0*050  0.250 
2.000  0.1Q0  0.250 


4492  5190  290  11  2*49 

4495  1915  195 _ U _ lilL 


TVW04TE 
10-A  4. 
10-A  4 


-  ATJ  0RA9H1TE  -  AQ0C4T0S  -  4190  4TICL 


000  1700  7000  0*250  0*500  0.100  0*250  5014  4015  2997  95  •  4*10 

OOP  1700  7000  0*250  0.900  0.100  0*250  4099  9491  5094  247  11 iiiL 


lt-B  4 
11-0  4 


000 

AAA. 


1700  7000 

1I.QA.7QQA 


0*250  1*000  0 
0.250  1.000  0 


100  0*250  5542 
100  0.250  4092 


4742 

rlAl 
151 
1117 


9092  179 


20 

JL 


11-C  4 
11-C  4 


000 

ifiAA. 


1700  7000 
1700  7000 


0*290  1*500  0 
0.250  1.500  0 


100  0*250  5009 

iflfl  o.isQ  iioa 


2999  901 
9992  994 


97 

51 


14-L  4 
14 -H  4 


14-U  4 
14-H-l 


000 

AAA. 


000 

AAA. 


1700  7000 
1700  7000 


1700  7000 
1700  7000 


0*250  2*000  0 
0*290  2.500  0 


0.290  2.750  0 
0.250  9.000  0 


050  0*250  5994  5447 
100  0.290  4101  9405 


100  0.250  4105  5411 
020  Q.23Q.  4Q4-?-  >524 


9012  1014  45  4*04 

JAAP  197 . 11 _ IjJLA- 

2015  704  101  4*49 

2121  1021  190 _ 9.19 


14-V  4 

A 


■if*. 

»-8  » 


000 

AAA. 


1700  7000 

HOP  7000 
00  7000 
1700  7000 


0*250  5*500  0 
0.250  4.500  0 


100  0*250  4102  9404 
100  0.250  4099  5400 


2294  444  124 

1114  102  ljl 


10*44 

Ml 


000 

595 


0*290  4.000  0 

AtAAA . ltAAA-A 


100  0*290  4101  9402  090  944 

100  0*250  >444  4992  9100  219 


24 


19*72 

7tI9 


14-H  4 
14-T_4 


000 

AAA 


1700  7000 
1700  7000 


0*900  2*000  0 
0.900  2*400  0 


100  0*250  4097  9050  9019  902  74  9*91 

1AA  0*250  >101.1179  2M1  Tl»  21 _ 10*74 


16-J  4 
14-&.A 


000 

AAA 


1700  7000 
1700  7000 


0*500  2*500  0 
0.900  9.000  0 


050  0*290  4104  5174 
090  0.290  4104  9170 


2424  1914  109  10*47 
2449  1222  121 UUI1 


14-X  4 


000 

AAA 


1700  7000 
17QQ  7Qfifl 


0*900  9*900  0 

Q.Tlfl  It 588  0 


100  0*250  4104  9149  2194  452  194  19*49 

100  8.  »0  2941-  4112  3020  473  SI LU1A 


14-1  4 

»H.l 


000 

.000 


1700  7000 

uosjrjm. 


0*790  2*000  0 

9.799  2*99-0  0 


100  0.250  4071  4729  5009  475  00  12*92 
100  0.250  4100  4740  2715  791  111 14*15 


14— Y  4 
4 


14-0 

£4-9  4 

I*-?  4 


000 

00 


60 

AOA 


1700  7000 

mm 

nQQ  7999 


0*750  5*000  0 
0.790  9.900  0 

•000  0*560 


1*000  0*500  0 

U8A8  8.98,8  Q 
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TUMGSTEN-PYRO  GRAPHITE-ASSESTOS-4130  STEEL 

33«A  4.000  1700  7000  1.000  O+SOft  0*100  0*250  1*11  1104  MM  1*4 — SO,  ll.U 

S3-B  4*000  1700  7000  1.000  1*000  0.100  0*250  5452  S272  3004  444  52  14*44  I 

»<  4.000  17QQ  7QOO  l.PPfl  1.4QO  Q.lPft  0.240  4721  33«7  3444  432  76  14t76 

53*0  4*000  1700  7000  1*000  2*000  0*100  0*250  5774  3514  2997  471  109  17.23  ) 

lfcLiiMfl  1700  -7000.  l.QOO  7.400  O.IQQ  0.240  1411  4437  IQfll  1Q3A  1*4  1«.41 

33-F  4*000  1700  7000  1*000  3*000  0*100  0*250  5440  3724  3004  1311  144  20*15  ! 

33-4  4.000  1700-7000  0*500  0.400  0.100  0.240  5Q71  3241  *0*4  1*3  13  7.04 

33-H  4.000  1700  7000  0*500  1.000  0*100  0*250  5227  3457  3002  240  29  4*11 

33-J_  4*000  1700  7000-  0*500  1*400  0.100  0.340  4141  HM  1QQA  M*  *7 _ JUJ1_ 

33-K  4*000  1700  7000  0*500  2*000  0*100  0*250  5434  3421  3005  584  49  10*43 

33-L  4*000  1700  7000  0.400  2.400  O.lflO  0.240  <407  1940  4PQ2  772  as  l?tQ«  1 

33-H  4.000  1700  7000  0*500  3.000  0*100  0*250  5567  4077  2996  964  125  13*66  ' 


CASE  D1A  MAT-1  HAT-2  HAT-3  HAT-4  HAT-5  T1  T2  T3  T4  T5  OUR  UT 

TUNGSTEN-ATJ  GRAPHITE-BORON  CARBIDE -AS BE S  TOS-41 30  ST EEl  ThTC" 1700 * TG«7000> 

34-A  4*000  .0*730  1*000  l.QOO  0*1000.240  4049  4774  3454  *744  4H  1** _ 

34-C  4.000  0.500  1*000  1*000  0*100  0*250  6101  5169  3696  2924  410  112 

34-fl  4.Q0Q  Q.240  1*000  1.00C  O.IQQ  0.240  4044  4472  4074  344 _ 34 _ 
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